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Aquifer Investigations in North Qatar 
Abstract 
The purpose of this study was to investigate the levels and quality of groundwater 
in a farming area to the north of Doha, the capital of the State of Qatar. Two rows of about 
five wells were selected, the lines being more or less parallel to each other, about 30 km 
apart, running for 45 km inland from the east coast. Vertical electrical sounding surveys 
were undertaken and groundwater samples were taken from these wells in winter and in 
summer. The water was chemically analysed, and the results formed the basis for a 
hydrogeochemical modelling exercise. 
The results of the geophysical and geochemical surveys indicate that there is a 
seasonal vertical and lateral migration of the fresh water/salt water interface in winter 
before the rainfall replenishes the groundwater aquifers. The geochemistry of the 
groundwater indicate that there is a gradual decrease of cations and anions, particularly 
Na+, cr, S04, and HC03-, together with a decrease in conductivity CEC), total dissolved 
solids (TDS) and sodium absorption ratio (SAR) from the coast inland. There is an 
upconing which brings the saline water to the surface near the middle of the southern 
profile in both seasons. In both profiles the fresh water/salt water interface migrates 
inland due to the excessive extraction of fresh water from the wells. 
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INTRODUCTION 
Aquifer Investigations in North Qatar 
1 Introduction 
1.1 General outlines 
The State of Qatar occupies an arid peninsula which is an integral part of the 
Arabian Peninsula. It covers an area of about 11,600 km2, that extends along the western 
coast of the Arabian Gulf and projects northwards between latitudes 24° 27', 26° 10' 
North and longitudes 50° 45',51 ° 40' East. 
The N-S axis of the peninsula is about 180 km long, and it is about 85 km in its 
broadest E-W direction. Qatar's border with Saudi Arabia generally follows low-lying 
areas of sabkha and sand dunes to the West and South. There is a maritime border with the 
State of Bahrain to the northwest and Iran to the northeast (Fig. 1.1). 
The weather conditions in Qatar as it lies within the Arabian desert belt vary from 
long hot summers with extreme humidity, to short cold winters with an average rainfall 
between 10 mm and 76.4 mm annually, and average minimum temperature ranging from 
45 0 C in Summer to 15° C in winter. 
The Qatar Peninsula surface in the southern part is of low to moderate relief with 
highest altitude of about 103 m, while the northern part is almost plain having altitude of 
30-40 m. 
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As populations continue to expand in coastal communities, the need for greater 
groundwater withdrawals is certain to increase. In the State of Qatar groundwater is the 
only natural fresh water source, so it is a major priority to investigate the aquifer to find an 
equilibrium between man's needs and nature's ability to supply, (Fig. 1.2) shows the 
groundwater balance of the country (1971-1994). 
Groundwater demand is increasing year by year. So, new supplies should be sought 
and available sources should be protected from pollution, especially in such arid to semi­
arid regions. In the last two decades intensive hydrogeological, hydrochemical and 
geophysical studies have been carried out in Qatar. 
Currently, nearly all of the water used in domestic supply is produced from 
seawater using desalination plants and groundwater is mainly used for agriculture. 
1.2 Location of the study area 
The study area is located in the northern half of the Qatar peninsula, consists of 
two profiles running East-West semi parallel to each other which forms a belt some 30 km 
wide north-south running across the Qatar Peninsula, a distance of about 45 km from East 
to West (Fig. 1.1). 
The aquifer is affected to some extent by seawater intrusion and there is a need to 
know whether this problem is developing further. Saline intrusion is known to have 
occurred along the coastal strip and attention will be paid particularly to this in the 
2 
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proposed study. There is also evidence of pollution by sewage and agricultural activity. 
There are several wells distributed over the area from which data has been gathered. There 
is also a considerable amount of published material which can partly be used to provide 
information concerning any historical changes in the aquifer. There are a number of 
aquifers along the peninsula but these are not, apparently, connected and it makes it 
possible to concentrate the study on a single body of groundwater which is also the most 
important in terms of water supply. 
1.3 Scope of the present work 
In the present research project, the main and prime objective was to carry out 
hydrogeological, hydrogeochemical and geophysical investigations on the groundwater 
aquifers present in the study area. 
1.3.1 Aim and main objectives/outcomes of the investigation 
The aim and main objectives of the present study are: 
- To identify the fresh/salt water interface and its fluctuation through the survey 
period respectively at the coastal areas. 
- To identify the effective parameters on aquifer quality variations. 
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1.4 Procedure 
1) Identification of the study profiles according to the 

available wells along these profiles including geology and 

structure. 

2) Measuring vertical electrical resistivity using the symmetrical 
Schlumberger configuration. 

3) Periodical collection of water samples from the selected wells. 

4) Chemical analysis of the water samples collected from the 

selected wells. 
The above objectives were executed through field, laboratory and office work as follows: 
14.1 	 Field work 
i) 	 Desk studies including investigations and reconnaissance surveys of the various 
landforms and rock exposures using topographic maps and a geological maps and 
reports were undertaken. 
ii) 	 Measurements of water levels periodically in the different wells. This was 
undertaken in May, June July and August 1997 and directly after the winter season 
February, March and April, 1998. 
iii) Collection of 18 well water samples. 

v) Conduction of electrical geophysical surveys using surface 
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electrical resisitivity methods, by carrying out 20 Vertical Electrical 

Sounding measurements (VES) using a symmetrical Schlumberger 

configuration. 

1.4.2 Laboratory work 
Chemical Analysis of the collected water samples and the determination of major 
constituents and pH values. 
1.4.3 Office work 
Analysis of both hydrogeochemical and geophysical data and calculation of the 
geoelectrical models, and preparation of two geoelectrical sections and hydrogeochemical 
models, covering the study profiles. An extensive literature review was also undertaken. 
Based on seasonal information, correlations were carried out. The aim of this is to 
estimate the effect of saltwater intrusion on groundwater coastal aquifers in the study area, 
and the suitability of the groundwater for domestic and agricultural use. 
1.5 Contamination in groundwater 
Groundwater contamination refers to any degradation of groundwater quality 
resulting from human activities. The most serious problems of groundwater contamination 
generally have resulted from encroachment of saline water and the introduction into the 
groundwater of organic chemicals (especially pesticide residues or bypro ducts, oils, 
phenols, and solvents) and metals (especially chromium, lead, and mercury) from a variety 
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of human activities. Cleaning up an extensively contaminated aquifer is expensive and 
time consuming; the best cleanup strategy may be difficult to detennine because of the 
complexities of the hydrogeologic framework and groundwater flow system. Clearly, the 
high costs and uncertain results of aquifer clean up make the prevention of groundwater 
contamination whenever possible a very desirable goal. 
1.5.1 Source of contaminants 
Contaminants may enter freshwater aquifers from at least 33 generic sources 
(Office of Technology Assessment, 1984, pA3). 
These sources may be classified broadly as either point or nonpoint sources Table 
(1.1). Point sources are derived from localized areas (a few acres or less in size) and 
nonpoint sources actually consists of activities or processes that introduces contaminants 
over abroad area, rather than in a specific areas. Nonpoint sources can range in size from 
several acres to hundreds of square miles and can consists of multiple points sources, such 
as septic tank drainfields. 
Contaminants can enter aquifers by several basic mechanisms as illustrated in Fig. 
1.3 and described below: 
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Chapter I, Introduction 
Intrusion of naturally occurring saline water into freshwater aquifers as a result of 
pumping from wells-Intrusion may occur by lateral movement of salty water towards wells 
or by "up coning" of saline water located beneath pumping wells. In either situation, the 
cause is a reduction of hydraulic heads due to withdrawals and creation of hydraulic 
gradient from the saline-water source towards wells tapping a fresh aquifer. 
Downward percolation to the water table from a surface source occurs where 
liquids from surface impoundments or spills infiltrate the ground and percolate downward 
to the water table. Infiltration of precipitation or runoff into landfills dissolves chemicals 
and metals and collects bacteria that results in a liquid called "leachate" which percolates 
downward to the water table. In a similar manner, precipitation dissolves pesticides and 
de-icing road salts from agricultural lands and highway rights-of-way and transports these 
nonpoint-source contaminants downward to the water table. 
Downward percolation to the water table from a source in the shallow subsurface 
operates in a manner similar to the one described above except that the source is located 
. 
below the land surface. Sources include leaking petroleum and chemical storage tanks and 
buried wastes. 
Leakage from a source below the water table. The most common examples of this 
mechanism are brine leakage from abandoned oil wells and poorly constructed injection 
wells. In the latter situation, fluid wastes that are intended to be emplaced in a deep saline 
10 
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aquifer leak into a shallow freshwater aquifer due to defects, such as casing breaks or poor 
grouting in injection wells. 
1.5.2 Salt Water Intrusion Phenomena 
This study is to better define the mechanism of salt water intrusion and to identify 
those areas that would be most susceptible to intrusion. (Freeze and Cherry, 1979) defined 
Salt water intrusion, or encroachment as the migration of salt water into fresh water 
aquifers under the influence of groundwater development. It occurs when there is a 
reduction in freshwater head and flow at sea water interface. This is commonly occurs 
when there is overpumping or insufficient groundwater recharge of an aquifer in the 
coastal zone. It is being exacerbated by : 
1- Increasing freshwater demands that are depleting coastal aquifers. 
2- The projected sea level rise associated with global warming 
on a regional scale. 
Salt water intrusion becomes a problem in coastal areas where fresh water aquifers are 
hydraulically connected with seawater. When large amounts of fresh water are withdrawn 
from these aquifers, hydraulic gradients encourage the flow of seawater toward the 
pumped well or wells. Salt water intrusion is a problem that affects coastal areas around 
the world. 
11 
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Table 1.1. Sources of groundwater contamination. 
(After USGS water supply, National Water summary, 1986). 
No. Point Source Nonpoint Source 
1 Landfills Encroachment of saline water 
(industrial and municipal) 
2 Surface impoundments Agricultural pesticides and 
(lagoons, pits, and ponds) fertilizers 
3 Underground storage tanks Septic tank drain fields and 
(petroleum, toxic chemicals, and wastes) cesspools 
4 Spills of chemicals, oil, or brine during Road salt applications 
transport or transfer operations 
5 Injection wells Animal feed lots 
(hazardous waste and brine disposal) 
6 Abandoned oil wells Mining operations 
The State of Qatar is also susceptible to salt water intrusion problems due to the 
low rainfall, low topography, and increasing demand for fresh water for agriculture and 
domestic use. The encroachment of salt water into fresh water supplies has become cause 
for concern within the last century as populations in coastal areas have risen sharply and 
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placed greater demands on fresh groundwater reserves. Salt water intrusion causes many 
problems in these areas, perhaps the most severe being the limitation of potable drinking 
water. 
Drinking water standards established by the EPA in 1962 require that drinking 
water contain no more than 500 mg/L of total suspended solids (TSS), a common measure 
of salinity (Atkinson, 1986). For this reason, domestic water supplies are now produced 
from seawater by desalination plants, the groundwater being used for agricultural 
purposes. Nevertheless, the preservation and maintenance of groundwater sources is of 
great importance for Qatar. 
Seawater contains approximately 30000 mglL of TSS. Therefore, it is evident that 
even a small amount of seawater can cause drinking water problems when mixed with 
fresh water reserves. Also, salinity in irrigation water can be detrimental to agriculture, 
reducing yields and killing crops with low tolerances to salt. In some cases, conditions 
may necessitate a change to crops that are more salt tolerant. 
The first step in correcting problems with salt water intrusion is to evaluate the size 
and extent of the problems. This is commonly accomplished by carrying out geoelectric 
survey (Vertical Electrical Sounding (VES) and by the installation of monitoring wells, 
which are used to determine the boundaries of the salt/fresh water interface and the rate 
at which salinity levels are increasing. Using these data and information on the hydrologic, 
geologic and geophysical conditions of the contaminated aquifer, modeling is often 
incorporated into problem analysis in order to predict future conditions and to evaluate 
remediation alternatives. 
13 
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Finally, salt and fresh water do not form an inert interface. There is diffusive 
mixing of salt ions across the interface, which diminishes the interface and accelerates salt 
water intrusion. The extent of mixing is a function of both fresh water flow rates and 
geologic characteristics of the aquifer. Consequently, the most accurate models of salt 
water intrusion incorporate diffusion components based on sediment composition and 
flow patterns. 
In the past few decades, geophysical modeling has become an important and 
powerful tool in many branches of science. Models allow engineers and scientists a way to 
test hypotheses in a manner that is removed and non-destructive to the actual problem at 
hand. In studies involving salt water intrusion, modeling has been used for many purposes. 
One common goal of these models is to predict and characterize the movement of the 
transition zone in the aquifer where fresh water and salt water meet. 
Another purpose of modeling is to predict the degree and extent of mixing that 
occurs in this transition region. Models allow problems to be defined before they actually 
occur. 
The modeling methods will prove to be instrumental in finding an equilibrium 
between man's needs and nature's ability to supply. Computer modeling has already been 
used to design better groundwater withdrawal networks so that the effects of salt water 
intrusion are reduced. As technology and experience expand, new techniques for 
controlling intrusion are likely to become practical and economical, insuring fresh water 
supplies for future generations. 
There have been several salt water intrusion mitigation strategies proposed to date. 
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Elevated salt content (salinity) of soils and fresh water supplies is a major problem 
on both a local and global scales. Problems of increasing salinity are most pronounced in 
arid regions with high rates of evapotranspiration and irrigated agriculture. 
That relationship indicates that there is a 40:1 (Fetter, 1994), change in the water 
table elevations under equilibrium conditions. This means that, if the water table in an 
unconfined aquifer is lowered by 1 m, there will be a 40 111 rise in the saltwater interface. 
Consequently, relatively small extraction from a fresh water aquifer may have a relatively 
large impacts on the intrusion of salt water into that aquifer. However, aquifers are more 
appropriately modeled under steady state conditions. These involve balanced freshwater 
flows into and out of the aquifer. 
The position of the interface between fresh water and salt water depends on a 
number of factors: 
i) Flow rates. 
ii) Nature of the flow paths. 
iii) High tide height, and change in recharge. 
v) Salt marshes. 
A change in any of these factors will cause the salt-water/fresh-water interface to 
migrate. Reduction of stream flow, overpumping or deepening of open channels results in 
landward migration of sea water wedge (Cooper et al., 1964) whereas increased stream 
flow result in seaward migration. 
The pumping of an aquifer underlain by saline water will cause groundwater level 
to be lowered, which in turn can cause an up-coning of the saline water into the aquifer (in 
15 
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case of unconfined aquifer) and eventually the well itself (Fig. 1.4), whereas if a certain 
critical pumping rate is not exceeded, the interface remains at some distance below the 
bottom of the well (in case of confined aquifer). 
In the following account, a general discussion on the nature of the salt-water/fresh­
water interface (i.e. static, fresh water dynamic/salt water static, or dynamic) and how to 
predict the position and depth of this interface, under these different conditions will be 
given. 
1.6 Fresh-saline water equilibrium in coastal plain aquifers 
1.6.1 Static-Static equilibrium 
Explanation of a steady-state balance between salt water and fresh water 
begins with Ghyben (1889) and Herzberg (1901) which commonly assumes that the salt 
water is static. Under this assumption the interface between salt water and fresh water is a 
sharp line. Above this interface there is fresh water (at a constant density pw of about 
1.025 gmlcm3). The Ghyben-Herzberg principle states that: Since the assumptions of the 
Ghyben-Herzberg relation do not hold under steady state conditions, a more realistic 
steady state model was developed by (Hubbert, 1940). 
Steady-State Fresh-Saline Groundwater Relationship 
Ghyben-Herzberg approximation is an equation in the following form: 
It relates the depth of a salt-water interface in a coastal aquifer to the height of the 
fresh-water table above sea level (Fetter, 1994). 
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Figure 1.4 (a) The boundary between saline and freshwater zones in a 
coastal area before groundwater pumping, 
(b) After prolonged pumping, the water table is lowered and 
saline intrusion occurs, 	 (After Merritts et aI. , 1998) 
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where: 
is the depth to the saline interface below sea level (m) 
hr is the elevation of the water-table above sea-level (m) 
Pf is the density of fresh groundwater (g/cm\ 
Ps is the density of saline groundwater (g/cm3). 
If pr= 1.000 (g/cm3) and Ps = 1.025 (g/cm\ Then hs = 40 hf 
This is illustrated in Fig. (1.4) for an unconfined coastal aquifer. 
1.6.2 	 Dynamic-static equilibrium 
Hubbert (1940) has stated that the fresh/salt water equilibrium is not hydrostatic 
but is instead a dynamic equilibrium between flowing fresh water and static salt water. 
According to (Glover, 1964) a dynamic equilibrium between fresh water and salt 
water exists where permeable beds underlie a land area near the sea and extend some 
distance seaward from the shoreline. In such a situation, infiltration of rainfall would cause 
a continuous flow of fresh water toward the sea. Because the flow of fresh water toward 
the sea must balance the supply from rainfall infiltration, a seaward gradient must be 
present. Near the seashore, however, dynamic factors become significant. If static 
conditions alone were to prevail here, the fresh-water body would taper to a knife edge 
at the beach and there would be no way for the fresh water to escape. 
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The diluted sea water becomes less dense than the native sea water and rises along 
a seaward path. Meanwhile, the salts that are introduced into the fresh water environment 
are carried back to the fresh by the flow of the fresh water. This circulation occurs only in 
the presence of a concentration gradient which exists across the zone of diffusion. 
The conditions of the fresh-water/salt water interface at the different farms along 
the two profiles of the study areas will be discussed. 
1.6.3 Sources of groundwater salinization 
Natural saline groundwater, are those occurring when saline groundwater underlies 
freshwater aquifers. This phenomena may occurs in one or more of the following forms: 
a) Residual (connate) water from the time of deposition in a saline environment. 
b) Solution of mineral matter in unsaturated and saturated zones. 
c) Concentration by evaporation. 
Intrusion of seawater is a mixture of any or all of the above while groundwater 
flow in unconfined and shallow-confined aquifers is usually toward the coast due to: 
Topography - over-pumping may reverse the flow. 
Oil-field brine "produced water" separated in the production of oil and gas. 
Agricultural sources associated with irrigation, animal wastes, commercial 
chemicals fertilizers contain nitrate, phosphate, and potassium. 
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2 Geology 
2.1 General outlines 
The dominant geological structure of the Qatar peninsula is a wide anticlinal arch 
or pericline, with a gentle crest and steeper marginal dips following a north-south axis 
central to the peninsula and culminating in the centre of the country. This arch is 
complicated by the presence of several other more pronounced structures, of which 
Dukhan anticline (the main oil bearing structure), the Sawda Nathil dome and the Simsima 
dome are the most apparent. 
The maximum dips recorded do not exceed 4 0 along the eastern side of the Djebel 
Dukhan anticline (Dome of Fhaihil). On the surface no faults, even with small throws, can 
be observed, but the Djebel Dukhan anticline may be locally faulted at depth. It is clear 
that the uplift stages responsible for the formation of the Qatari Arch were essentially 
Pyrenean and principally Alpine (Cavalier, 1970). 
The Qatar peninsula is composed of Tertiary limestones and dolomites with 
interbedded clays, marls and shales covered in places by a series of Quaternary and Recent 
superficial deposits. 
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The oldest rocks exposed are the limestones of the Rus Formation of lower 
Eocene age although the most widespread outcrops are the dolomites and crystalline 
chalky limestone of the Upper Dammam Formation of middle Eocene age (Fig., 2.1) 
(Seltrust, 1980). 
During the middle Eocene period it is probable that there were further marine 
inundations, of the sea resulting in the deposition of thick chalky limestones over the area. 
The Tethys sea that covered extensive areas of Arabia from early Jurassic time, and 
which had deposited the thick, oil-bearing carbonate facies with evaporites during the Late 
Jurassic, was greatly reduced during the middle Eocene by the gradual emergence of the 
Arabian platform. The emergence was comparatively rapid and the region remained above 
sea level. 
2.2 Geologic history 
During the lower Miocene, manne conditions returned to the area, but the 
transgression was limited to the coastal belt of eastern Arabia. Miocene marine deposits in 
Qatar are presently preserved only in the southern part of the country. The Qatar arch was 
probably above the level of the Miocene sea and deposits of the Dam Fom1ation were thus 
also limited to the southern part of Qatar. 
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The Miocene sediments were laid down in shallow warm water and exhibit cyclic 
sequences of calcareous clays and limestones associated with the Neogene sea 
transgressions and regression. The later part of the middle Miocene was characterized by 
general tilting of the Arabian foreland and rapid erosion of the Arabian shield resulting in 
the widespread depostion of continental gravels of the Hofuf Formation. In Qatar, clayey 
sandstone and conglomerates of the relict Hofuf Formation are preserved as thin cappings 
on flat topped mesa type hills as Miocene sediments. 
The emergence of Qatar from the Miocene sea was probably completed during 
early Pliocene. At this time it has been postulated that Qatar's connection with the Arabian 
peninsula may have been under water, as evidenced by the extensive Sabkha covering the 
present international boundary. The complete emergence of the peninsula and the 
connection with the mainland, was probably only effected in later Quaternary times (Fig., 
2.2). The Quaternary was characterized by progressive erosion, formation of the numerous 
collapse structures and the development of the desert landforms that are evident today 
(FAO, 1981). 
The Qatar peninsula is classified by most geographers as desert country. In fact, it 
is an arid region, as over the whole country, the total rainfall - essentially that of winter ­
is quite low (ranging from 10 mm to 200mm annually). The northern part of the country, 
especially the NE, is comparatively well populated and agricultural development has 
commenced while the southern part is sparsely populated. The population is sedentary for 
the most part; relatively abundant water is extracted from generally, shallow wells. 
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2.3 Regional geomorphology and geology 
The Qatar peninsula land surface topography is generally of low relief ranging 
from 103 m above sea level in the southwest to 6 m below sea level in the sabkha flat, east 
of Dukhan. However; the majority of the country is less than 40 m above sea level. The 
greater part of Qatar is underlained by a remarkably uniform Eocene limestone of the 
Upper Dammam Formation. In some places the limestone is overlain by younger strata 
that form a number of mesa-type hills. 
In the southern part of the country a considerable area of the surface is covered by 
aeolian sand accumulations. These sands occur in the form of thin sheets or barchan dunes 
which may be modified into various shapes, such as the large dune fields seen south of 
Mesaieed. 
The peninsula of Qatar forms part of the Arabian Gulf Basin extending eastwards 
from the Arabian shield to the Zagros fold belt in Iran. The basin has been accumulating 
sediments since the Paleozoic period. Geophysical evidence, indicate that, the thickness of 
the sedimentary succession overlying the basement rocks in Qatar, is approximately 9 km 
(Keysers et. al., 1999). 
The whole country is considered to be lying on the broadest part of the interior 
platform of the Arabian Shelf, and it is a part of a regional NNE-SSW trending high 
(Qatar-South Fars Arch). 
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Towards the north, the Qatar Arch is bounded by the Zagros Fold Belt, a late 
Alpine orogenic system ranging from continental collision to subduction. The Peninsula 
has been flexed into a series of gentle N-S or NNW-SEE trending folds Fig.(2.3) (El­
Kassas and Nowier, 1988). A very broad N-S elliptic-shaped anticline forms the major 
parts of the peninsula and exposes a carapace of the Middle Eocene Upper Dammam 
Formation. In the western side of the country, tighter NNW-SSE trending folds are 
formed, including Dukhan anticline and Zekrit and Salwa synclines. The Dukhan anticline 
has brought the older lower Dammam and Rus formations to the surface. It is some 80 km 
long, of which the northern 50 kID are oil productive, and with average width of about 4.5 
km. Younger Miocene and Pliocene sediments of the Dam and Hofuf formations crop out 
as relic mesas preserved in some parts of synclinal regions on both sides of the southern 
extensions of Dukhan anticline, and unconformably overlay its flanks. These mesas 
consist mainly of carbonate, marl, clay and gypsiferous rocks of the Dam Formation and 
are overlain by conglomerates of the Hofuf Formation. They form the only noticeable 
relief features in the southern and southwestern part of Qatar Peninsula. Relatively thick 
sections of the Dam and Hofuf formations are known in the Gulf of Salwa synclinal basin 
(Kassler, 1973) and extensive outcrops occur further west wards along the eastern coast of 
Saudi Arabia (Powers et al. 1966). 
The fault may continue further eastward beneath alluvial gravels for at least an 
additional 200 km if extended to join up with a fault diplacing Neogene strata south of 
Qatar. 
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This would make the Nisah-Sahba Fault at least 450 km long, and (Fig. 2.4) shows 
speculative extrapolations of the Nisah-Sahba Fault still further eastward across the Gulf 
floor from the southern end of Qatar to Qeshm Island at the coast of Iran. The Gulfward 
extension of the Nisah-Sahba Fault is named here the Trans-Arabian Gulf Fault. 
Weijermars, (1998) has stated that the Sahba Fault is made visible beneath the Ad­
Dahna Sand Sea by virtue of the sand penetrative capability of the L-band radar (Fig., 2.4). 
As a result of this new information, a minimum length of 250 km has been established for 
the Nisha-Sahba Fault Zone. 
The Rus Formation of Early Eocene age, representing the oldest rocks over the 
surface of the peninsula, is comprised mainly of chalky limestone with some gypsum 
veins. It is overlain by the Dammam Formation (Middle Eocene) which is divided into a 
lower shaly sub-formation (Simsima Limestone) and an upper dolomitic limestone sub­
formation. The overlying Dam Formation (Middle Miocene) comprises two 
subformations: 
(i) Lower marls and clays, with white limestones, 
(ii) Upper limestones with gypsum. 
This is followed by Miocene-Pliocene Hofuf Formation, composed of residual 
gravels of conglomerates and siliceous sandstones. The remnants of these deposits survive 
as isolated capping to the flat-topped (mesa) hills of southern Qatar where they seldom 
exceed 10m in thickness. 
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Quaternary and Recent surficial deposits are widely distributed and comprise 
mainly Pleistocene conglomeratic and pseudo-oolitic limestone beds, and Holocene 
deposits including depression soils, sabkhas with salt crusts, beach sands, sand dunes and 
other aeolian sand accumulations. 
2.3.1 	 Sabkha deposits 
Sabkha, the inland or coastal saline flats or playas composed typically of fine silts 
and calcareous sands cover about 700 square kilometers in Qatar, and are widespread 
along the coastal margins (AI-Hajari, 1990). 
They are most extensive along the eastern coast, extending from Mesaieed south 
for 50 km to the Khawr Al Udayd (inland sea). Dukhan Sabkha which is located to the east 
of Dukhan is of more hydrogeological importance to the Qatar Peninsula, and it is lowest 
point about-6 m below mean sea level (FAO, 1981). 
2.3.2 	 Aeolian sand deposits 
The southeastern of Qatar in the area around Mesaieed is characterized by aeolian 
quartz sand dunes, which over time are advancing into the sea. Scattered dunes, mainly of 
the barchan type, move under the influence of north-westerly "Shamal" winds across the 
Simsima Limestone rock surface. These dunes are rapidly migrating into the sea, 
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prograding the coast to produce a predominantly quartz sand sabkha. The resultant low­
lying flat coastal plain is 40 km long, 7-10 km wide and up to 30m thick. 
During recent periods of lower than present sea-level, the aeolian quartz sand may 
have originated from the Arabian mainland to the northwest of Qatar. These dunes 
subsequently migrated across Qatar and began forming the regressive accumulation along 
the leeward shore after the sea had risen to approximately its present level. The present 
sand supply is almost exhausted and with a few thousands years this type of sedimentation 
will probably cease. Similar to that in most other parts of the Arabian Gulf, the coastal 
area will then almost certainly revert to carbonate coastal sedimentation, 
2.3.2 Geological setting 
Schlumberger (1975) placed the peninsula of Qatar within the interior platform of 
the shelf between the basins of the Northern Arabian Gulf and the Rub al Khali Fig. (2.5). 
It forms an exposed part of the Arabian Shelf, between the stable Arabian Shield of the 
Western Saudi Arabia and the Mobile Belt of south-western Iran. 
The Arabian Shield of western Saudi Arabia which composed of Precambrian 
rocks is overlain to the east by a succession of sediments ranging from the Cambrian to the 
Quaternary. The tilting and gradual but continuous subsidence of the region to the north 
and east formed the geo-synclinal trough while erosion of the permanent land surface of 
the Arabian Shield provided the sedimentary material. 
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The mountain chains of Zagros and Oman have been created by the crustal drift 
forces acting on the large volumes of sediments beneath the shallow Tethys Sea lead to the 
instability and orogenic activity. 
The present-day Arabian Gulf has been fom1ed by the remnant of the Tethys Sea 
where modem sediments are forming. 
Consequently, the depositional environment for the accumulation of a great 
thickness of sedimentary rocks was basically shallow water, manne with frequent 
intercalations of very shallow, brackish water. Evaporitic periods also occurred and also 
continental conditions when erosion of previously deposited material took place. 
Sandstones, silts and shales in the region of the Qatar peninsula marked periods of 
greater erosional activity and transpOli from the Shield, while limestones denote quieter, 
clearer-water conditions in which biogenic and chemogenic accumulation took place while 
anhydrite and halite are also present indicating isolated evaporative conditions in shallow 
lagoons separated from the main sea area. 
Due to its close position to the Tethys geosyncline, the Qatar peninsula has been 
subjected to minor folding which has had a significant influence upon sedimentation. 
Since the Palaeocene, the long-term structural movement controlled deposition such that 
sedimentation has been relatively thicker away from the positive axes (Fig. 2.6). 
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For conducting and obtaining an accurate framework for hydrogeological 
interpretation and groundwater resources investigation, the following two main geological 
aspects have been examined for their influence on hydrogeology as follows: 
(i) 	 The distributions of litho-stratigraphic units that would 
influence groundwater movement and storage, and 
(ii) The mainly post-Tertiary sequence of geological events that 
have affected the evolution of the aquifers. 
In the present study, emphasis has therefore been concentrated on the Paleocene 
and younger strata rather than strata of an age greater than the Palaeocene which contain 
highly saline water. 
Due to the fact that, the Simsima Dolomite and Limestone Member of the Upper 
Dammam Formation forms about 90% of the outcrop in Qatar, and the subdued 
topography of the peninsula F AO (1981), the investigation and interpretation will be 
concentrated on the geophysical subsurface data penetrating the Tertiary formations. 
2.4 Tertiary stratigraphy 
The Mesozoic succession buried deeply beneath Qatar and therefore only the 
Tertiary sediments, and to some extent the Quaternary deposits, are relevant to the present 
study because they contain the main fresh groundwater aquifers in Qatar (Fig., 2.7). 
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Chapter 2, Geology 
Over the Qatar peninsula, the Eocene, Miocene and Pliocene deposits crop out, and 
are overlain locally by Quaternary and Recent deposits. The Rus Formation of lower 
Eocene age, which conformably underlies the Dammam Formation throughout Qatar, is 
considered as the oldest strata exposed on relatively small areas on the surface of the Qatar 
peninsula particularly to the north-west of Doha, and on the Dukhan anticline in Western 
Qatar. The thickness of the Rus ranges from less than 30 m to more than 110m. A 
carbonate facies dominates in the north and central inland areas, whilst a shale/anhydrite 
facies predominates in the coastal and southern areas where they may comprise more than 
half the total thickness of the formation. The Umm er Radhuma Formation of Palaeocene 
age is not exposed at the surface and is directly underlies the Rus Formation through out 
Qatar. It is essentially a thick sequence (270 -370 m) of limestone and dolomites with 
marly layers. There are some siliceous zones in form of chert and silicified limestone or 
dolomite. Argillaceous and gypsiferous material are believed to occur only to a minor 
extent and near the base of the formation in Qatar. The Formation is well fractured and 
contains numerous solution cavities 
The Rus Formation contains abundant fractures, vugs, and solution chalmels 
particularly in northern Qatar (Fig., 3.11). 
Since the Mesozoic/Cenozoic succession in Qatar, is of little significance to the 
hydrogeological study undertaken, only a brief description is provided below: 
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2.4.1 Mesozoic succession 
In the Qatar peninsula, the presence of Mesozoic rocks has been confirmed during 
exploratory oil drilling by stratigraphical correlation with geological units in Saudi Arabia. 
The top of the Arab Formation of Upper Jurassic which comprise the oil reservoir 
rocks, lies at a depth of 1400 m below ground surface In the Dukhan anticline. 
2.4.1.1 Cretaceous Rocks 
(AI-Hajari, 1990) indicate the occurrence of the following formations from base to 
top of Cretaceous: 
a) Yammamah Formation 
b) Wasia Formation 
c) Aruma Formation 
It has been found that the Cretaceous sequence consists of calcarenite limestone, 
dolomite, sandstones and shales of up to 800m thick. In the oil wells of Dukhan area, the 
Aruma Formation of Upper Cretaceous has been drilled extensively and is believed to 
range from 100 to 180 m,consisting of hard, massive, crystalline, marine limestones with 
some shale and marl. 
2.4.2 Tertiary succession 
The most important Tertiary units in the project area are (Fig., 2.7): 
- Urn er Radhuma Formation. 
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Rus Formation. 

Dammam F om1ation 

2.4.2.1 Tertiary rocks 
The irregular variation in the thickness of the Tertiary sequences results in part 
from interstratal karstification and, as a result, the overlying strata have subsided or 
collapsed into the dissolution cavities. 
2.4.2.2 Tertiary Formations 
The Tertiary formations consists of two maj or rock units, and a discussion of these 
major units from the oldest to youngest essentially summarizes the geological history of 
the Tertiary as follows: 
a) Paleogene carbonate cycle "Rasa Group" 
This mainly consists of a marine carbonate and evaporite sequence of interbedded 
clays, shales and marls. 
b) Neogene detrital cycle 
This lies unconformably over Eocene and covers a large part of Qatar. 
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a) Paleocene carbonate cycle 
2.4.2.2.1 The Umm er Radhuma Formation - PalaeocenelL. Eocene 
Sugden (1956) was the first who has described the Umm er Radhuma Formation. 
According to Smouth (1954), the lower part of the Umm er Radhuma is Palaeocene in age 
and the Upper parts ofLower Eocene age. 
The Umm er Radhuma Formation of the Gulf area, has been subjected to 
dolomitization at all levels. This Formation is not exposed in the country but it has been 
clearly identified by deeper exploratory drilling to have a total thickness of over 270m, and 
consists of sequence of limestone and karstic dolomite with marl content increasing 
downwards. This formation consists of dolomite with bands of cherts, marl & clay 
intercalations. Some anhydrite beds were found within the formation in the stratigraphic 
hole in the south-west of the Peninsula. 
In the State of Qatar, the lithology of the Umm er Radhuma Formation is vesicular 
dolomites and dolomitic limestone with limestones throughout the major part country and 
in the Dukhan area. The upper 20 to 100 m of the Umm er Radhuma Formation are of 
hydrogeological importance 
It has been noticed that the structure contour map of Umm er Radhuma Formation 
follows the main trend ofthe structural framework of Qatar Peninsula, Fig. (2.8). 
2.4.2.2.2 The Rus Formation - Lower Eocene 
The name of the Rus Formation was taken from the rocks of the Umm er Ru'us, a 
small hill in Saudi Arabia (the Dammam Dome) AI-Hajari (1990). 
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Structure Map 
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Figure 2.8 Structure map of the Urn er Rahduma Formation 
(After AI-Hajari, 1990) 
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Figure 2.9 	 Structure map ofthe the Rus Formation 
(After AI-Hajari, 1990) 
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Cavellier (1970) measured and established a reference section for the Rus 
Formation in the cliffs of Jabal Dukhan and west of that point on the coast. The formation 
is a wholly carbonate sequence and conformably overlies the upper Umm er Radhuma 
Formation. The Rus Formation is present in the shallow subsurface throughout Qatar and 
only its upper portions are exposed. 
It can be observed to the northwest of Doha (Umm Salal, Abuthaylah, AI-Khor 
and Al-Maajidoh), in the Dukhan anticline (Fhaihil and Dukhan domes), and near Sauda 
Nathil (Jaww as Salama, Hamz Sauda Nathil and Uqlat al Manasir). 
According to Eccleston and Harhash (1982) the contact between the Umm er 
Radhuma and Rus Formations is characterized by the disappearance of marine fauna and 
by gradual facies change, due to continuous sedimentation. 
The details of lithostratigraphy, facies distribution, thickness variations and 
environment of deposition of the Rus Formation have been found from the results of the 
combined field observation and core data. 
As it lies between Formations of proved lower Eocene age and although it does not 
contain fossils, the Rus Formation is established to be of lower Eocene age. The thickness 
of this formation in Qatar as measured in boreholes, varies between 30 to 110m, but in the 
central arch northwest of Doha, where this formation is exposed, the erosion has removed 
the overlying Formations. 
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The Rus Formation is thicker in the southern region of the peninsula, where the 
evaporite beds are mainly situated, while the greatest variation in thickness is seen in the 
central part of the country where the greatest structural relief also occurs (Fig., 2.9). 
The distribution of the lithofacies and thickness of the Rus Formation in the 
northern part of the country is quite variable and there is a general increase in thickness 
from the north to the south of Qatar, and the isopach map of the Rus Formation.(Fig. 2.10) 
shows that the thickness of the formation, in Qatar, increases from 20 m in the center and 
north Qatar to about 110m in the southeast and southwest. 
The Formations generally thin over the anticlines and domes and achieve their 
greatest thickness in the synclines. In the north of the country and at the Dukhan anticline 
crest, the Rus Formation has it minimum thickness 20-30 m in north Qatar. 
Other areas of reduced thickness are located in the proximity southwest of Doha 
City. 
The hydraulic parameters of the aquifers change due to the gradual thinning and 
thickening and the facies changes in Rus Formation is often taking place and altering the 
aquifer properties (Fig., 2.11). 
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Figure 2.10 Isopach map of the Rus Formation 
(After AI-Hajari, 1990) 
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In the central part of the country the domes are associated with fractures and joint 
systems which have allowed runoff to penetrate the formation and cause the dissolution 
and collapse structures. 
This Formation contains rocks of rather soft chalky dolomitic limestone which are 
yellowish or whitish. Greyish compact fossiliferous dolomitic limestone evaporites and 
chalky limestone interbedded with thin layers of marls. Thin beds of greenish to brownish 
attapulgitic clays are occasionally intercalated. Saccharoidal quartz cobbles and nodules 
and cheli occur within the sucession. 
In the southern part of the country extensive beds of evaporities, mainly gypsum 
with minor anhydrite were found. Gypsum does not occur in the central part of Qatar, 
probably due to dissolution of the gypsum by surface groundwater. Solution of gypsum 
has caused the overlying beds to slump in places giving rise to many of the surface 
collapse structures. 
The principal controlling factor of the Country's groundwater resources which are 
located mainly in the middle and nOlihern pali of the state, is the distribution of the 
subsurface evaporites. In this area the dolomitic limestones of Rus Formation are devoid 
of gypsum and contain a fresh water lens floating on top of more saline water within the 
underlying Dmm er Radhuma Formation. 
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The Rus Formation seems to have been deposited in shallower marine environment 
than the Umm er Rahduma Formation. 
There is a significant increase in the thickness of the Rus Formation deposits from 
. the structurally high areas to structurally low areas indicating that compensatory 
epirogenetic subsidence was occurring at the time of deposition. 
Due to the variation in the mode of sedimentation In the State of Qatar, two major 
facies being existed termed as follow: 
(1) Sulphate Facies: gypsiferous, argillaceous. 
(2) Carbonate Facies in the North: calcareous. 
Fig.(2.11) shows the contact between the two facies, the carbonate Rus of the 
north, and sulphate Rus of the remainder of Qatar as a result of dissolution of the anhydrite 
with the formation. 
The shales and marls of the Lower Dammam Formation which overly the Rus 
Formation are believed to be of great influence in the dissolution process and consequently 
on the hydrogeology of the Qatar peninsula. 
The Rus Formation underlies the whole country, but it outcrops over a relatively 
small area, to the north-west of Doha in the area of Umm el khor and AI-Majidah, and 
along the Dukhan anticline in western Qatar which is considered as the best exposure of 
the Formation. 
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In the vicinity of Saudi Nathil, the sulphate facies outcrops as the only surface 
exposure of the sulphate facies. 
2.4.2.2.3 The Dammam Formation - Eocene 
Bramkamp (1941) in an unpublished ARAMCO report the description of a type 
section from the rim rock of the Dammam Dome at the Dahran -AI-Alah road (lat. 26° 
19' 16" N., Long 50° 04' 50" E) in Saudia Arabia, where it attains a thickness of 
approximately 32.5 m. 
The Darnmam Formation was first described by Thralls and Hassan (1956), and the 
reference section lies between Dukhan (Lat. 25° 26' N, long 50° 47' E) and the head of 
Zekrit bay (Lat. 25° 8' N, long 50° 49' E). 
Cavailier (1970) was the first to assigne the term "Dammam Formation" in Qatar 
peninsula to the lower to Middle Eocene rocks and it was subdivided into two 
sub formations and five members as follows in descending order (Table, 2.1): 
Al-Hajari (1990) has stated that, a large part of the peninsula of Qatar is underlain by this 
formation, where the total thickness ranges from 30-50 m (98-164 ft.) with an average of 
52 m (170 ft.). 
a) The Lower Dammam Formation-Middle Eocene 
This formation was deposited over most of Peninsula except in the northern part 
(the project area) where it is absent because of the continued rising of the central arch in 
this part. Some outcrops occurs to the west of Qatar near Dukhan. 
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Abraug Dolomite 
Limestone and 
Upper Dammam Subformation Marl Member 
(Middle Eocene) 
Simsima Dolomite 
and Limestone 
Member 
Dammam 
Formaion 
Dukhan Alveolina 
I Limestone Member 
i 
~	Lower Dammam Subformation 

(Lower Eocene) 

Midra (and Saila) 
Shales Member 
f------a.~ Fahahil 
Limestone Member 
Table 2.1 	 Subformations and Members of The Dammam Formation 
(After Cavlier, 1970) 
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b) The Upper Dammam Formation-Middle Eocene 

It has been sub-divided into two members: 

- The lower Simsima member - limestone and dolomite. 

- The upper Abaruq member -limestone and marl. 

i) The Simsima Member 
About 80% of the land surface of the peninsula is covered by this member. The 
thickness of the Simsima Limestone and dolomite reaches up to 30m and the thickest part 
is located in the north of the peninsula, away from the central arch. It is believed that a 
restricted thickness (since removed in part by erosion) was originally deposited over the 
central arch which is thought to be still gently rising at this time. 
This member consists of a fossiliferous fine to medium grained whitish to 
brownish chalky limestone, and contains numerous vugs, and irregular joints and fractures 
filled with soft clay material. It is poorly bedded and it is variably indurated and 
dolomitised down to some 10 m below ground surface. Thin, Intercalated attapulgitic 
shale horizons are sometimes present, with thin cherty layers near the top. The lower most 
layers consist of a yellowish chalky limestone with traces of attapulgite clay. These are 
overlain in the west by a white granular limestone which is quarried at Urnm Bab (western 
part of Qatar) for cement production. The middle and main horizons, which forms the bulk 
of the outcrops, consists of a whitish buff-pinkish partially indurated and dolomized 
limestone with areas of incipient nodular cherts and numerous soft chalky or clay filled 
patches and irregular fracures. 
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Finally there is an upper horizon consisting of somewhat flaggy greyish to whitish 
limestone with thin intercalated chert bands. Some of the fossils which have been 
identified within the Simsima limestone are molluscs, nummulites, alveolina, echinoderms 
and pycnodonts. 
ii) The Abarug Dolomitic Limestone and Marl Member 
Because in the middle Eocene the Peninsula totally emerged from the sea, and 
remained land through the Oligocene, this member has not been deposited in the northern 
part of Qatar (the project area). It is composed of white creamy to yellow clayey dolomitic 
chalky marl, generally 10m thick and skeletal-detrital and detrital limestones which are 
slightly dolomitized. 
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3 	 Hydrogeology 
3.1 	 General outlines 
In the northern part of Qatar, the strata of hydrogeological importance are Tertiary 
carbonates and evaporites. The groundwater is mainly unconfined with some perched 
water tables. 
This chapter deals with the hydrogeological studies carried out at different areas 
along the northern region which have been used for a better understanding of the 
hydrogeological conditions in the area under investigation. 
3.1.1 	 Groundwater potential 
The main groundwater resources in the northern part of the Qatar peninsula are two 
fissured carbonate aquifers, the Rus and the underlying Umm er Radhuma (UeR). 
Groundwater resources of Qatar are limited and heavily exploited and abstracted for rural 
supply and agricultural use, and for 20 years abstraction has exceeded the natural 
replenishment by rainfall and as a result, groundwater levels are declining and saline 
intrusion is occurring near the coast. 
54 

Aquifer Investigations in North Qatar 
3.1.2 Previous studies 
Hydrogeological studies have been carried out by several authors, including: 
Sogreal (1966) who has evaluated the water resources for the municipality of the Doha 
water supply and suggested a number of alternatives to meet the water supply 
requirements. 
A joint project known as the "Hydro-Agricultural Surveys" which investigated the 
water resources and agricultural development had been initiated in 1971 by the 
Government of Qatar with the technical assistance of the United Nations Development 
Program (UNDP) and the Food and Agricultural Organization (FAO), and prior to the 
geophysical surveys for this project, a total of ten exploratory wells had been drilled in 
1973 in addition to a hydrometeorological and hydrogeological observation network which 
had been established in the State of Qatar. 
In 1974, another project known as the "Integrated Water and Land Use" was 
initiated, by the Ministry of Industry and Agriculture, in collaboration with the Water 
Department of the Ministry of Electricity and Water, with the technical assistance from 
UNDP and FAO. 
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A new project known as: "Water Resources and Agricultural Development" was 
established in 1977 for the Government of Qatar by a joint team of experts under a Fund­
in-Trust agreement with the Food and Agricultural Organization (FAO), 
Other studies include those by (Bulter, 1969), (DeGroot, 1973), (Cox, 1978), 
(Eccleston and Harhash, 1982), (Yehia and Harhash, 1982), (Harhash and Hassan, 1982), 
(Harhash and Yousif, 1985), (EI-Kassas et. al., 1985), (Lloyd, et. aI., 1987) and (Al­
Naimi, 1989). 
3.1.3 Water use problems 
May countries are focusing on the promotion of awareness on water use, and the 
sustainable use of groundwater resources has been a matter of concern. Such a concern is 
particularly conspicuous in the Gulf region, where the very low levels of rainfall in recent 
years and the current shortage of water indicates that techniques of using water resources 
more effectively need to be further pursued. 
The Peninsula of Qatar faces serious constraints in the development of water 
resources to meet agricultural, domestic and industrial demand for water and increased 
production to achieve even modest levels of food self-reliance. 
In the past, karst springs (Ain) and natural collapse depressions (dahl) were the 
first sources of perennial potable water available to nomadic herdsmen and coast-dwelling 
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fishermen. People used hand-dug wells, near the surface collapse depressions where the 
depths to water were the least. 
There is now a considerable and rapid growth of population of the State of Qatar, 
with an estimated population of 559 280 persons. In order to face the rapid growth of 
population and to satisfy the increased demand for potable water, the government in 1953 
installed the first desalination plants. Drinking water comes mainly from desalination 
plants, which accounts for 98% of the water supply to the country. 
The main water resource for irrigation purposes in the State of Qatar comes from 
groundwater and the other important resource is the treated sewage effluent (T.S.E) due to 
the fact that in the Qatar Peninsula groundwater is the only natural fresh water source and 
there are no streams or rivers. Infiltration by rainfall is considered as the main source for 
groundwater recharge. 
There are many problems associated with water use in Qatari farms which includes 
man-made problems such as indiscriminate and uncontrolled excessive utilization of 
groundwater withdrawals for irrigation and improper design of farms, incorrect irrigation, 
and poor water management, and other natural constraints such as complicated 
groundwater aquifers, poor water quality, harsh climatic conditions, scanty rainfall, 
absence of water flows, poor farms management. 
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3.1.3.1 Excessive abstraction 
The uncontrolled exploitation IS the real problem in Qatari farms, with 
groundwater extraction exceeding nearly three times that of replenishment from natural 
recharge. The excessive pumping of groundwater leads to a remarkable lowering of the 
water table and consequent intrusion of saline water horizontally from the sea and brackish 
water vertically from the underlying aquifers. (Fig., 3.1) shows the effect of intensive 
groundwater pumping. The main cause for the abandonment of farms especially near to 
the coast is the increase in groundwater salinity by approximately 5% per annum. 
3.1.3.2 Poor water management incentive 
Manpower of the agricultural sector are mainly expatriate and most of the 
technicians, farmers and laborers working in the farms lack the required skills, experience 
and knowledge of proper irrigation techniques. 
3.1.3.3 Pumps and engines 
In most of the farms of the country, the size of the engine and pumps used for 
lifting groundwater are sometimes not consistent with the yields of the wells. Diesel 
pumps are most common, then electric, and last petrol pumps, and those of high capacity 
lead to rapid drawdown causing saline intrusion and deterioration of water quality. 
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3.1.3.4 Wells spacing 
In some farms, wells are spaced too closely to each other, often less than 100 m, 
which causes interference between the effective cones of depressions of the adjacent wells. 
This interference results in greater drawdown and decreases in well discharges. 
3.1.3.5 Climatic and water use problems 
The Qatari climate is a typical arid desert type which is characterized by scantly 
rainfall with annual mean of 76.4mm, high temperature that exceeds 40 C during 0 
summer, huge evaporation with annual average of 2200 mm, high desiccating wind and 
high relative humidity. 
There are many climatic factors which are of particular concern to water resources 
and irrigation. Among there are: 
a) The low intensity of rainfall and its erratic nature, which makes it unsuitable for 
supporting any farming not reliable to supplement irrigation. 
b) The high summer temperature inhibits photosynthesis, pollination and growth and 
thus prolongs crop lifetimes and consequently increases crop water consumption. 
c) 	 Evaporation and evapotranspiration affect directly the quantities of water needed 
by plants. Evapotranspiration calculated by modified Penman Equation shows 
values that range from a total average of 75.8 mm in December to 218.9 mm in 
June. 
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The predominant wind direction in Qatar is NNW, although SSE wind occurs 
around February. The high wind speed (25-30 Km/hr.) causes damage of crops, increases 
evaporation and affects sprinkler irrigation performance by causing unequal distribution of 
water in the field, and all of these contribute to some extent in increasing crop water 
consumption. 
3.1.4. Groundwater conditions 
The southwestern coastal area of the Arabian Gulf consists of Qatar Peninsula, 
Bahrain and the eastern province of Saudi Arabia, forming an integral part of the Gulf. A 
few metres fall in the Gulf sea level may create a new land area. There is a connection 
between groundwater in Qatar and Saudi Arabia, and Saudi Arabia and Bahrain. There is a 
considerable valuable data from the previous studies of the regional groundwater setting. 
Aquifers and aquitards in Qatar peninsula and the neighbouring states have been 
subjected to geological, geophysical and hydrochemical investigations, leading to a good 
understanding of groundwater flow, and the influence of lateral and vertical hydraulic 
pressures. 
The recharge of meteoric water by infiltration is dependent upon many factors such 
as intensity and frequency of rainfall, the infiltration rate, and the soil or rock moisture 
conditions prior to each rainfall event. 
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Freshwater flow has been developed as a result of this recharge and through the 
aquifer units in Saudi Arabia with a submarine flow to Bahrain, and possibly during 
pluvial episodes to Qatar and beyond underlain and surrounded by more saline water. 
(Fig., 3.2) shows groundwater flow pattern overall Central Arabian Gulf, and the most 
important influencing factors. 
3.2 The aquifer system of Qatar peninsula 
The heterogeneous aquifer system of the Qatar peninsula is considered as an 
integral part of the aquifer system of Eastern Arabia. Table (3.1) shows that the 
hydrogeology of Qatar can be divided into three hydrogeologic zones AI-Hajari (1990): 
3.2.1 The Northern Zone 
The northern zone is important to the present study as it contains the fresh and 
potable groundwater lens of the Rus Formation and the upper Umm er Radhuma formation 
covering an area of 2180 km2 . The freshwater lens of this zone floats on brackish and salt 
water beneath collapse depressions. This zone is characterized by carbonate facies 
composed of gray to buff compact crystalline dolomitic limestone overlain by light­
colored, soft, porous, chalky limestone intercalated with thin layers of marls, cherts bands 
and calcareous claystone. 
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AI-Hajari (1990) stated that the hydraulic behaviour of the water lens of this zone 
is governed by Ghyben-Herzberg principle. This shows that the relationship of the floating 
lens type aquifers to lowering of the water table will cause a rise of the fresh water/saline 
water interface at the base of the lens by a factor ranging from 25 to 40, depending upon 
the salinity concentration of the underlying saline water. 
This leads to a situation where over-extraction will cause a concomitant rise of the 
interface accompanied by upwelling of saline water (Pike, 1978). 
In this zone as the result of the dissolution of the Rus evaporite unit, a complex 
lens beneath collapse depressions has been created, increasing porosity, permeability, 
transmissivity and storage capacity which has had a fundamental effect upon the present 
groundwater regime in northern zone. 
3.2.2. The Southern Zone 
This zone covers more than half of Qatar, and is characterized by evaporite facies. 
It consists mainly of gypsum, overlain by a thin layer of microporous dolomitic limestone 
of the upper aquifer unit and underlain by the thick carbonate of the lower aquifer unit. 
In this zone, there is an aquitard of evaporite unit except where the occasional 
collapse depression has allowed groundwater movement between the lower and upper 
unit. 
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Facies distribution in this multi-aquifer system governs the groundwater 
distribution, which is related to tectonically controlled sedimentation and subsequent 
dissolution. 
The evaporite aquitard contains saline water with thin lenses of fresh water 
restricted beneath isolated collapse depressions within the upper part of saturated aquifer 
zone which tends to give low yields of poor brackish water. 
3.2.3. The Southwestern Zone 
This zone is mainly an artesian aquifer equivalent to Alat and Khobar members of 
the Upper Dammam aquifer unit which occurs in Saudi Arabia. 
The characteristics lithology of this aquifer unit is mainly dolomitic limestones 
interbedded with marl. 
3.3 The main aquifer units in Qatar 
The varied distribution of depositional systems and their component facies has 
created heterogeneity of hydrogeological conductivity, transmissivity and lithology within 
the aquifer. Variation of climate, topography and artificial recharge within the area also 
contribute to hydrogeologic heterogenity. The main aquifer systems of the Qatar peninsula 
can be summarized as follow: 
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3.3.1 The Rus aquifer unit 
In the Qatar peninsula, the Rus Formation forms the surface outcrop or underlies 
younger beds. There are a similar changes in lithology, thickness and structure between the 
Rus Formation of Saudi Arabia and Bahrain, and there is continuity between them. 
The sub-division into a northern and southern groundwater province Fig. (2.10) is 
based on the variation in the hydrogeological characteristics of the Rus Formation, and 
particularly the recognition of carbonate, sulphate and residual facies zone. Eastwards 
from Qatar the Rus Formation continues in its SUlphate facies, except in the north and 
northeast, beneath younger members. Groundwater circulation in the Rus Formation is 
probably very limited. In the north the depositional carbonate facies or residual sulphate 
are in direct contact with the sea via the permeable Simsima limestone and dolomite 
member and without the protection of the intermediate lower Dammam shales and clays. 
Therefore the groundwater reserves are at greatest risk of lateral seawater contamination. 
The boundary condition between the lower part of the Rus Formation and its 
contact with the Umm Er Radhuma Formation are complex. The vertical permeability of 
the formation is low because of high content of clay in the argillaceous lower Rus of both 
sulphate and carbonate facies. The high permeability is developed in a relatively thin layer 
of 10 to 15 m thick from the present water level downwards. 
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Recharge to the Rus aquifer take place though direct infiltration via the depressions of the 
overlying Simsima Formation. It has been noticed that the greatest recharge occurs 
beneath the depressions because of the runoff concentration and the enhanced recharge via 
the depression floors to form mound water bodies. The presence of depression floor silts 
may inhibit recharge rather than enhance it (Harhash, 1979). 
Fig. (3.3) shows a hydro graph for the response of Rus aquifer water levels to 
rainfall and recharge in the northern province. 
Fig. (3.4) shows groundwater heads in the Rus Formation which reflects that the 
low salinity water of meteoric origin in the North is entirely of local origin with a probable 
initiation of this accumulation during times of high pluvial rainfall and contemporary low 
sea levels. 
3.3.2 The Umm er Radhuma aquifer unit 
This formation has no outcrop in Qatar, but it has a long curved outcrop in eastern 
Saudi Arabia and underlies most of the Gulf area eastwards to the U.A.E. The VeR 
F ormation has no lateral boundaries beneath Qatar and its coastal waters, though there is 
regional evidence to indicate that a gradual change from a carbonate to an argillaceous 
facies takes place eastwards. 
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Figure 3.3 Hydrograph for the response of the Rus aquifer water levels to rainfall and 
recharge in the northern province. 
(After F AO 1981). 
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Figure 3.4 	 Groundwater heads in Rus Formation 
(After Lloyd. et al., 1987) 
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The upper part of the Umm er Radhuma aquifer is well known and it has been 
explored and exploited for groundwater, but the geometry and significance of lower part of 
it which is underlain by shales of the Aruma Formation is not well known. 
The reserVOIr characteristics of the Umm er Radhuma are controlled by its 
lithology. In the main it consists of fine-grained, green and olive limestones, dolomites, 
dolomitic limestones and mudstones with some marls and shales. The upper part of the 
UeR Formation are believed to have very porosity and permeability values everywhere due 
to the karstic nature of the aquifer FAO (1981). 
The very shallow groundwater gradients of 3x10-5 between south and north Qatar 
are indication of the very high horizontal permeability values of the upper zone other than 
in the central area of the freshwater body of the northern provinces, the recharge origin of 
the groundwater of the Formation is the outcrop in Saudi Arabia. 
Porosities are high in both facies but primary permeabilities are low due to the 
overall fine grain-size of carbonate and the presence of clays and marls. 
Powers et al (1966) reports a more pronounced dolomitization away from the areas 
of argillaceous anhydrite accumulation due to the greater facility for groundwater 
circulation. 
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In the northern groundwater province the Umm er Radhuma groundwater levels are 
unconfined, therefore the recharge of Umm er Radhuma must take place via the overlying 
Rus Formation. 
Fig. (3.5) shows groundwater heads in the UeR Formation indicating that the main 
recharge of the groundwater of this Formation is the outcrop in Saudi Arabia. 
3.4 	 Formation of the freshwater bodies and the evolution of 
the aquifer system 
The important role of paleoclimatic conditions has been recognized by the 
geological, archeological, and historical evidence of climate changes during the Neogene 
Period (Miocene Epoch to present day), which indicates an irregular but gradual decline in 
global temperatures that was initiated in the Paloegene Period (Palaeocene and Eocene 
Epochs). In the Late Pliocene, about 3 million years ago, there was a major growth of high 
latitude ice masses. It assumed that, the whole of the Arabian Gulf, was been converted to 
a land during the glacial episodes. During the period of maximum glaciation, the average 
temperature in the Gulf area was 10 0 cooler than the present, and it has been deduced that 
in the Qatar peninsula there was temperate regime with much higher rainfall than today, 
due to the migration of climate belts. 
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Figure 3.5 Groundwater heads in Umm er Radhuma Formation 
(After Lloyd. et al., 1987) 
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The development of the groundwater circulation conditions occur as a result of 
increasing recharge due to higher precipitation in the area. Explitation of this freshwater 
body at greater than the average rate of recharge is causing a lateral convergence of the 
fresh-saline interface as well as its upward vertical displacement as the volume of 
freshwater in storage decline. 
3.4.1 	 Stage of development of freshwater bodies 
The development of freshwater bodies, has reported through the following stages, 
Fig. (3.6a): 
a) Stage I: This stage shows the situation during the advance of the interface, with 
increased recharge and declining Sea levels. 
b) 	 Stage II: Shows the supposed position at the time of maximum extension. With 
the decline of the Pluvial period conditions and as the sea level rose, the coastline 
retreated towards the southwest and the fresh water-saline water interface would 
also have reflected the changes. Where connections (lithological windows) existed 
the rising sea levels would have caused salt-water incursions and the gradual 
isolation of the fresh water bodies. 
c) 	 Stage III: Where connections (lithological windows) existed the rising sea levels 
would have caused salt-water incursions and the gradual isolation of the fresh 
water bodies. Sea-water would have displaced the freshwater on a front which 
advanced into and beneath the freshwater (because of specific gravity difference) 
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and in competition with the head and flow of the remaining connate water content 
of the Umm er Radhuma Formation thus creating the separated remnant freshwater 
bodies found today in the northern Qatar peninsula and to a lesser degree, Bahrain. 
d) 	 Stage IV: Fig.(3.6b), hydrogeological section A-B, shows the present stage, where 
the meteoric body of water beneath Bahrain is a remnant only and the freshwater 
saline water interface, relieved of head pressures by upward transfer and discharge, 
lies beneath the present Saudi Arabia coast line. 
3.5 	 Hydrogeology of the Tertiary sequence 
The Tertiary sequence is formed of several aquifers and discontinuous aquitards 
layer. Fig. (3.7) shows a hydrogeolgic model of the Tertiary aquifer system. Description 
of these hydrogeologic situation is discussed hereafter Fig. (3.8): 
3.5.1 	 The lower aquifer: 
This aquifer is restricted to Umm er Rahduma and Lower Rus formations 
(dolomitic unit). It is dominant in Saudi Arabia and very limited in Qatar. The uppermost 
50-100m of the lower aquifer unit exhibit varying amounts of chemical and physical 
alteration. This aquifer unit is heavily fissured and exhibits karistification, this causes loss 
of circulation during drilling of many wells all over Qatar (Fig. 3.9, and 3.10a,b). 
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Figure 3.6a 	 Probable hydro-geological evolutionary sequence in Qatar 
(After FAO 1981) 
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3.5.2 The middle aquitards 
It is formed of evaporites unit of the Rus Formation and Medra shale of the Lower 
Dammam Formation. This zone is being considered as impermeable layer between the 
lower and upper aquifers Fig. (3.9, and 3.l0a,b). 
3.5.3 The upper aquifer 
It is formed of intercalations of light grey more or less dolomitic chalk, with a thin 
marl unit. This aquifer has been at the surface for a long period of time and so has been 
very heavily weathered and karstified, except in the southwestern part of the peninSUla 
where it underlies the Dam Formation Fig. (3.7,3.8 and 3.9). 
Analysis of resistivity maps with respect to the presence or absence of caves is of 
great importance where it makes it possible to delineate caves and caverns. When the 
caves are filled with water specially when salty the detected resistivity is very low 
(sometimes less than seawater) and when it is filled with air it has very high resistivity 
values. 
3.5.4 Karstic features 
The offshore terraces, widespread flat inland surfaces and rock pavements has been 
created as a result of sea level changes in addition to the widespread coastal flats 
(Sabkhas) (Fig., 3.11) shows characteristics collapse structures in Qatar. 
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qATAR 
s. Zena. 
Figure 3.7 
Hydrogeologic model of the Tertiary aquifer system in the Qatar peninsula. 
(After AI-Hajari, 1990) 
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(a) 
(h) 
Figure 3.11 Characteristics collapse structures in northern and southern Qatar 
peninsula. (a) Northern Rus carbonate facies area. 
(b) Southern gypseferous facies area. (After FAO, 1980). 
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The main topographical characteristic features is that, the surface of the peninsula 
is of low to moderate relief with a highest elevation of 103 m above sea level in the 
southern part of the country. Most of the part of the peninsula is underlain by calcareous 
beds whose solution has given rise to widespread sinkholes (Dahal) and depression 
I (Rawda) and modified karst topography. On the other hand, and from hydrogeological 
point of view the most significant topographical features of the study area are created by 
these numerous shallow collapse depressions and sabkhas, where the former one acts as 
groundwater recharge and discharge areas. 
The lowest part of the peninsula is at a level of 6 m below sea level (15 km 
I southeast Dukhan). 
3.6 Topography 
The Arabian Gulf area lies in the southern and western part of a regional 
rectangular depression extends from the southern end of the Arabian Gulf northwestward 
through Iraq and into Syria. 
The Eastern Arabia is characterized by a flat desert landscape that is relatively 
featureless. 
Towards the east and southwards the land falls gently in elevation and is marked 
by a large number of shallow collapse depressions and inland and coastal sabkhas. 
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Some several positive topographic features about ten meters above the lowlands 
such as (the Dammam Dome, Abqaig anticline and Dukhan anticline) lies along the shore. 
The structure of this area which has been established by Cretaceous and Lower 
Tertiary tectonic movement and Pleistocene pluvial event has a considerable influence on 
the geomorphological, sedimentological and hydrogeology of this area. 
I 
I 3.6.1 Land forms 
I The main landforms that can be recognized in Qatar are summarized as follows: 
I LowLand Up Land I 
I 1 Depressions Hammadas 
(plateau in desert region whose I 
rocky surface has been denuded by I 
wind erosion) I 
2 Wadis (Valleys) Ridges and Jabels I 
3 Sabkhas Sand Dunes I 
I 
I 3.6.2 Sabkha deposits 
I Al-Hajari (1990) defined Sabkha (plural: Sabkhal) as an Arabic word for coastal or 
inland saline mud flats. Sabkhas are also defined by Warren (1989) as marine and 
continental mud flats where displacive and replacive evaporite minerals are forming in the 
capillary zone above a saline water table. 
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The coastal sabkhas are broad supratidal areas that have developed as a result of 
carbonate sedimentation and a relative fall in sea level. The surface elevation of the 
sabkha is controlled by the water table, which is never more than 1 to 1.5 m below the 
ground surface.The two main sources for subsurface water beneath the sabkha are the 
seawater which is driven up by strong onshore winds and groundwater which moves into 
the landward part of the sabkha from the continental area inland. Fig. (3.12) shows the 
location of the Arabian Gulf sabkhas (Drever, 1982). 
In the Qatar peninsula, the inland sabkhas have an important hydrological 
significance on groundwater flow, recharge and water chemistry. Sabkha water has a very 
high sodium and chloride ion content which is approximately six times those of seawater 
AI-Sayari and Z6h (1978) 
The coastline and inland sabkhas are the most common types in Qatar peninsula, 
which formed from layers and mixtures of calcareous silts, sands, mud, salt and occasional 
wind blown sand. 
Qatar sabkhas can classified into two major types: I 
, 
3.6.1.1. Coastal sabkhas: This type has been developed from the remains of old bays I 
formed during higher stand of the sea level and composed of marine calcareous 
sand and silts with largely marine-derived groundwater. The sediments that 
I 	 filled of these bays are aeolian and alluvial sediments of carbonate, gypsum and 
other salts FAO (1979). 
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Iran 
Saudi Arabia 
Indian Ocean 
500 kmE2Zl < 200 m 

_ Sabkha 

Figure 3.12 Location of the Arabian Gulf sabkhas (After Drever (1982) .. 
88 

Aquifer Investigations in North Qatar 
3.6.1.2. 	 Inland sabkhas: most of this type were originally coastal sabkhas and now lie 
away from the coast, controlled by the local water table. It is assumed that, they 
were formed by solution and collapse of section of cavern roof and by 
groundwater discharge. 
In the Qatar peninsula, most of the sabkhas are relatively thin.The dominant 
arid environment and the continuous intense evaporation of saline water plays an 
important role in crystallizing salts to form a thin surface crust on sabkhas of about 
less than a meter. Gypsum mud and gypsum sand represents the mineral content of 
the shallow sediments beneath the sabkha surface. 
Shearman (1963), Kendall (1966), Brian et. al., (1987) have stated that the 
most common minerals of the sabkha deposits consists mainly of gypsum with 
aragonite/calcite, dolomite, celestite, clay minerals and halite. 
3.6.2. Karst topography 
The term "Karst" is a German adaptation of the Slavic word Kras and the Italian 
word carso, which literally means "a bleak waterless places" (Monroe, 1970). It originates 
from the Karst plateau in the noth-west of former Yugoslavia, near the Italian border, and 
refers to the dissolution of the carbonate rocks, limestone or dolomite which has been 
fonned by deposition of organic carbonate material and by precipitation of dissolved 
carbonates. Geologic processes, such as fracturing and climatic factors determine the 
development of Karst. 
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Bates and Jackson, eds., (1980) have stated that karst is the type of topography that 
is formed on limestone, gypsum and other rocks by dissolution and is characterized by 
sinkholes, caves and underground drainage. 
Jennings (1985) defined Karst as "terrain with distinctive landforms and drainage 
arising from greater rock solubility in natural water than is found elsewhere". Karst 
landforms are found in almost every region of the world, including arctic and arid zones, 
but they are most likely to occur in temperature or tropical climates. The most common 
rocks prone to karstification are evaporites such as gypsum and halite, limestone, and 
dolomite. Limestones that are most susceptible to karstification are crystalline, high in 
calcite content, and intensely fractured. Karst processes function best in humid 
temperature and humid-tropical climates (Ritter, 1995). In addition to lithology, water 
content and how easily the water can move through the rock system, play an important 
I 
role to karstification (Ritter, 1995). 
I 
l As has been stated above, the Qatar peninsula and Eastern Arabia which are 
I 
~ underlain by carbonates and evaporites and are therefore characterized by collapse 
depressions and caves. 
I Weak carbonic acid is formed by rainwater with carbon dioxide from theI 
atmosphere. This acidic water (weak carbonic acid) slowly dissolves limestone and 
i 
evaporite as it moves through pore spaces and fractures enlarging the openings and 
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developing a network of conduits and interconnected cavities that are capable of accepting 
increasingly large volumes of water. 
When dissolution weakens the roof of a cavern to the extent that it can not longer 
support the overburden, the overlying layers fall into the cavity and a collapse depression 
forms at the surface (Fig. 33b). Most of the karst processes shaping today's Qatar land 
surface are probably inactive, having formed during periods of high rainfall. 
According to Cavelier (1970), the age of the formation of the collapse structures 
are post-Miocene. At present time, the occurrence of collapse depression is uncommon. 
Karstification phenomena prevail in the central and northern part of Qatar 
peninsula. The collapse depressions in Qatar varies from 100 m to several kilometers in 
diameter and a few meters to over 20 m deep, with different shapes, from steep-walled to 
funnel shaped, or bowl-shaped depression (AI-Hajari, 1990). 
The surface collapse depressions allow vertical movement of water through 
fractures which accelerates dissolution of all the affected strata, increasing the number of 
karst features in those areas. The northern aquifer system has been affected greatly by 
collapse depression, where they act as freshwater recharge and accumulation areas. 
3.6.3 Soil & natural vegetation related to recharge 
The northern part of the Qatar peninsula is characterized by fresh-water lens 
aquifer system developed in the carbonate facies of the Rus Formation while the western 
and southern part is characterized by a more complex system of minor sometimes perched 
and discrete freshwater lenses within the gypsiferous faces area of the same Formation. 
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In the depressions of the northern groundwater province, there is scanty vegetation. 
while the depressions of central and southern Qatar are generally well vegetated due to the 
aeolian sand cover which intercepts run-off to the depressions. The northern and central 
part of the Qatar peninsula is characterized by calcareous sandy loam and calcareous clay 
loam with depths ranging from 30 to 150 ems, overlying limestone debris or bed rocks 
while the arable soil of the south is calcareous coarse sand and loamy coarse sand. The 
low organic matter in the calcareous sandy loam soils results in very poor water holding 
capacity. Such soils require frequent irrigation and thus increase the hazards of more water 
losses by deep percolation. 
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4 CLIMATOLOGY 
4.1 General outlines 
The climate of Qatar is a typical arid desert type which is characterized by scanty 
rainfall with annual mean of 76.4 mm, high temperature that exceeds 40 C during summer, 
huge evaporation with annual average of 2200 mm, high desiccating winds & high relative 
humidity. 
The climatic phenomena of particular concern to water resources & irrigation are: 
2) Air temperature 1) Rainfall 

4) Evapotranspiration. 
3) Evaporation. 

6) Radiation. 
5) Wind speed. 
7) Sun shine. 
4.2 Rainfall 
In the Qatar peninsula, precipitation by rainfall is considered as the sole source of 
freshwater for recharge of grolmdwater, therefore it is very important to have a good 
knowledge of its amount, variability and distribution for any useful assessment of the 
country's water resources. Rainfall in Qatar is derived from Mediterranean type 
depressions and a localized phenomenon known as a boundary front (Fisher, 1950). 
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Most of the rainfall in the country is confined to the winter period from November 
to April & the months of February & March are the most rainy months of the year. 
In the State of Qatar there are government stations (Fig. 4.1), which give a detailed 
climatic information providing a regional data framework. The average annual rainfall 
recorded in these stations consequently from north to south as follows: 
107.7 mm in Rawdhat AI-Faras 
104.3 rom in AI-Atouriyah 
070.7 rom in Abu-Samra 
It is clear, from these records that the rainfall in the cOlmtry shows a general 
decrease from north to south. AI-Atouriyah is within the area of this project, so the 
average precipitation is close to 100 mm per year. 
4.3 Air temperature 
Although the Qatar peninsula is a relatively low-lying land protruding into the 
Arabian Gulf, the temperature regime is similar to that of inland sites of eastern Saudi 
Arabia of a moderate continental type. 
There is a difference in the temperature regime between the east & west coast of 
the Qatar peninsula, due to the general cooling effect of the onshore north westerly wind 
along the west coast, where as the east coast is subjected to advection from warmer desert 
interior, particularly during the summer season. 
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In the Qatar peninsula, air temperature is mild in winter and hot humid (muggy) in 
summer. The average annual temperature is 26.5 C, while the average daily maximum 
temperature and absolute highest temperature recorded in the hottest month (July) are 41.3 
C & 49 C respectively. 
4.4 Evaporation 
Evaporation in an area is usually studied in terms of potential evaporation which is 
the amount of evaporation influenced by climatic, soil & vegetation conditions. 
I Measurements are usually taken in evaporation pans of which the most commonly used 
I 
~ type in the U.S. weather Bureau class 'A' Pan. 
Generally, evaporation rates in Qatar are highest in June, when pan evaporation 
can reach 20 mmJday. After June, evaporation rates decline as relative humidities increase 
and wind speeds fall, with minimum rates of 2.4 mmJday occurring in December & 
January. 
4.5 Relative humidity 
The relative humidity is defined as the percent of water vapour present in air 
compared with the maximum amount of water vapor in saturated air at a specified 
temperature, Moran et al. (1980). 
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The geographical position of the Qatar peninsula within the Arabian Gulf results in 
a relative high humidity for the greatest part of the year. The relative humidity IS 
generally about 70% during the winter months, which decrease to 50% in April & May 
due to the influence of warm, dry northwesterly winds. At the end of July there is a sudden 
increase in relative humidity due to the influence of northern limit of the intertropical 
coverage zone of the monsoon front, lying at this time along the eastern Arabian coast & 
into the Arabian Gulf, brings no rainfall but doldrum type weather & very high humidity, 
reaching above 95% during the night. 
In winter, 
evaporation rates. 
the high relative humidity plays an important role III reducing 
I 
i 
~' 
4.6 Wind speed 
In the Qatar peninsula, the prevailing dry NNW wind occurs during the early 
summer months, and SSE winds occur around February. Wind speed is generally low 
during winter seasons, averaging 10-20 kmlhour in day time. There is a steady state NNW 
wind from March to July averaging 25-30 km/hour. 
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(After AI-Hajari 1990) 
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5 Geophysics (Electrical Resistivity Investigations) 
5.1 General outlines 
Various geophysical methods have been applied to groundwater investigations 
with seismic and electrical methods predominating. Geophysical methods could contribute 
as a useful tool for groundwater investigations as they can explore subsurface layers in a 
short time and are more economic to carry out before drilling to pinpoint the most suitable 
locations. 
In the case of freshwater lenses definition a significant change in electrical 
conductivity occurs at the top of the transition zone so that electrical methods, 
electromagnetic, induced polarization and resistivity, might be considered. 
Electromagnetic methods suffer from the lack of a quantitative interpretation procedure 
particularly with regard to groundwater problems, while induced polarization equipment is 
heavier and more complex than resisitivity equipment and interpretation is also more 
complicated. 
The resistivity method, however, has proved successful in groundwater 
investigations where it has been the most important geophysical method for water 
prospecting in many similar areas (Flathe, 1967 and Parasnis, 1997) and was considered 
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most practical for the environment under study. The electrical method was therefore 
chosen with selection being used on the following main considerations: 
i) The presence of a high resistivity contrast between the base 
of a defined lens of fresh water and the underlying saline 
water. 
ii) The resistivity method possesses adequate depth of penetration to define a typical 
lens or water bearing base. 
iii) Interpretation methods give quantitative results. 
iv) The equipment is light, easily transported and does not 
require a vehicle for field operation, and 
v) The equipment is of a simple design amenable to local repair. 
In the following chapter the application of electrical resistivity method (VES) to 
study the subsurface geological, and hydro geophysical conditions of the study area 
through mathematical formulation, measurmg procedure, field equipment, 
instrumentation, and concluded by qualitative/ quantitative interpretation is carried out. 
5.2 Geoelectrical resistivity method 
Resistivity (or inverse of conductivity), governs the amount of current that passes 
through the rock when a specified potential difference is applied. Rock formation 
resistivities vary over a wide range depending on rock material, density and porosity, pore 
size, shape,fluid types and content, temperature and pressure (Parasnis, 1997). 
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The resistivities of various rocks vary from each other and have no well defined 
resistivity limits. Brandon (1986) states that, igneous and metamorphic rocks yield values 
in the range from 102 to 108 ohm-m., while sedimentary and the unconsoldated rocks 
attain a resistivity ranging from 100 to 104 ohm-m (Fig., 5.1). 
Each formation is characterized by an electrical resistivity value which depends 
with certain exceptions not only on its mineral constituents but also on their porosity, 
water content and its salinity. The measured resistivities in relatively porous formations 
are largely controlled by water quality and content within the formation porosity than the 
rock resistivities itself. The resistivity of aquifers composed of unconsolidated materials 
decreases with the degree of saturation and the salinity of the groundwater. 
5.2.1. Resistivities of rocks and minerals 
The property of the electrical resistance of a material is usually expressed in terms 
of its resistivity. If the resistance between opposite faces of a conducting cylinder of length 
I and cross-sectional area A is R, the resistivity is expressed as: 
p = R(A/I) 
The SI units of resistivity ise ohm-meter (O.m). The conductivity (0" =l/p) of a 
material is defined as the reciprocal of its resistivity and measured in mho per meter, the 
word "mho" being coined by spelling "ohm" backwards. The electrical conduction in most 
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rocks is essentially electrolytic. This is because most mineral grains (except metallic ores 
and clay minerals) are insulators, electric conduction being through interstitial water in 
pores and fissures. Hence the resistivity of a rock formation generally depends on the 
resistivity of the contained electrolyte and is inversely related to the porosity and the 
degree of saturation. In sedimentary rocks the resistivity (p), when fully saturated with 
water of resistivity pw, is proportional to pw so that the ratio F = p/pw (known as the 
formation factor) tends to be constant for a particular formation, having specific water 
type. 
The resistivity of geological materials exhibits one of the largest ranges of all 
physical properties, from 1.6x 10-8 Om for native silver to 1016 Om for pure sulphur. 
Igneous rocks tend to have the highest resistivities; sedimentary rocks tend to be most 
conductive, largely due to their high pore fluid content; and metamorphic rocks have 
intermediate but overlapping resitivities. 
The age of rocks also is an important consideration: a Quaternary volcanic rock 
may have a resistivity in the range 10-200 Om while that of an equivalent rock but 
Precambrian in age may be an order of magnitUde greater. In sedimentary rocks, the 
resistivity of the interstitial fluid is probably more important than that of the host rock 
John M. Reynolds (1997). The bulk resistivity of rocks depends strongly on the water 
content as can be seen from (Table, 5.1 ). 
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n.m 
10 
Recent marine silts 

Clay and soft shale 

Hard shale 
Salt water Fresh 'ater 
Sand and gravel 000 
Sandstone 
Porous limestone 
Cbalk 
Dense limestone 
Metamorphic and 
igneous rocks 
Figure 5.1 Resistivities of common rock materials (Brandon, 1986). 
Clay formations display lower resistivity values than permeable alluvial aquifers 
(Wet clay and silt have resistivity values ranging from 5-30 ohm-m comparing to the wet 
sand and gravel attaining resistivities five to ten times higher). However, saturated rocks 
have lower resistivities than unsaturated and dry rocks. The higher the porosity of the 
saturated rocks, the lower its resistivity; and the higher the salinity of the saturating fluids, 
the lower the resistivity 
The most important factor controlling the resistivity values of groundwater aquifer 
within a layer is its salt content, the higher salt content yields low resistivity values. 
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Table 5.1 Variation of rock resistivity with water content 
(After Telford, et. aI., 1990) 
Rock %H2O p(Qm) Rock %H2O p(Qm) 
Siltstone 0.54 1.5xl04 Peridotite 0 1.8xlO' 
Siltstone 0.38 5.6x10~ Pyrophyllite 0.75 6x10 lS 
Course grain SS 0.39 9.6x105 Pyrophyllite 0 1011 
Course grain SS 0.18 lOlS Granite 0.31 4.4xlO j 
Medium grain SS 1.0 4.2x103 Granite 0.19 1.8xIOb 
10 10Medium grain SS 0.1 1.4x10lS Granite 0 
Graywacke SS 1.16 4.7xl0J Diorite 0.02 5.8xl05 
Graywacke SS 0.45 5.8xl04 Diorite 0 6x106 
Arkosic SS 1.0 l.4xl0 j Basalt 0.95 4xl04 
Organic limestone 11 O.6xl03 Basalt 0 1.3xl O~ 
Dolomite 1.3 6xl0J olivine-pyrox. 0.028 2xl04 
Dolomite 0.96 8x10'; Olivine-pyrox. 0.028 2xI04 
Peridotite 0.1 3x10J Olivine-pyrox. 0 S.6x10' 
5.2.2 Rock-Water resistivity relationship 
Electrical resistivity shows the greatest variation among all physical properties of 
rocks and minerals. As the depth of penetration of electrical methods is increased with 
new and refined equipment, it is found that the significance of water in lowering bulk 
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resistitvity of crustal rocks gradually decreases with increasing depth, whereas that of 
temperature and pressure increases (Telford, 1990). 
5.2.3 	Electrical resistivity method applications 
The electrical resistivity method has been applied in many fields, among these are 
the following applications: 
1. Aquifer Investigations 	: 
a) mapping of aquifers. 
b) delineating saline and freshwater zones and their qualities. 
c) water pollution detection. 
d) exploration for mineral and thermal waters. 
2. Prospecting ofhighly conductive or resistive materials. 
3. Structural investigations, which include prospecting of fault 
zones, basins, uplifts, dykes, veins, ... etc. 
4. Prospecting of sand and gravel deposits (quarry development). 
- determination of their extent and thickness 
- estimation of the material quality. 
- investigation of clay deposits. 
5. Civil engineering construction problems such as : 
- determination of layer structure. 
- location of water-permeable layers for dam foundations. 
- mapping of fault systems in the basement especially for 
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tunnels and dam construction. 
- highway construction. 
6. Detection and localisation of buried archaeological bodies or 
resources. 
In the present study, the geoelectric resistivity method has been used to identify the 
aquifer characteristics, specially water quality, and fresh-waterlsalt-water interface near 
coastal zones, its fluctuation through the survey period. This could be highly useful for 
coastal groundwater management. 
5.2.4 Field apparatus and equipments 
In the present work, the resistivity survey was conducted using an ABEM A.C. 
Terrameter 8A8 300 (Fig. 5.2a), with four cable reels, eight electrodes and other 
accessories such as measuring tapes, Brunton compass, (Fig. 5.2b). Water was used 
sometimes to make contact between the electrodes and the earth's body due to the 
relatively dry nature of some part of the soil, at the surface. 
5.2.5 Method used and field work 
The 8chlumberger collinear four symmetrical electrode configuration (Fig., 5.3) 
has been used for conducting the geoelectrical survey along two profiles. Each has five 
points, (Fig. 5.4). The southern profile consists of (81, S2, S3, S5 and S5), and the 
northern profile consists of (N!, N2, N3, N4 and N5). 
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Field measurements are carried out by measuring the artificial direct current 
intensity (1) passing through two electrodes (A-B) and measuring the potential difference 
between other potential electrodes (M-N). 
In the field measurements, the distance AB (2L) must be larger than the distance 
MN (21) to reduce errors as much as possible (Ghyba, 1986). The ratio may varies from 
one case to the other. 
l~~______r_.~~~1_~.______~1 
BA M N 
Schlumberger collinear four symmetrical electrode configuration Figure 5.3 
(After Telford, 1990). 
The apparent resistivity value (Pa) for each measurement is deduced from the 

following equation (Telford et al. 1990): 

(1) 

where, 

Pa :::: is the resultant apparent resistivity value in ohm.m, 
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A V = is the potential difference in millivolts, 

I = is the artificial direct intensity in milliamperes, 

R = is the resistance in ohm and equals (I:!.VII), and 
K = is the geometrical factor which given by the following 
equation. 
K = 7tL2/2l (2) 
The factor differs as the distance between the electrodes (current and 
potential) varies at the same central point. 
Fig. (S.Sa and S.Sb) show the relation between the current flow potential lines and 
the generalized electrode configuration respectively. 
Then, values are plotted on bi-Iogarithmic papers against their representative half current 
electrode spacing (L) . 
By interpreting these curves, layer parameters (true resistivities and thicknesses or 
depths) of the various layers can be obtained. 
In the present study, the vertical electrical sounding (VES) has been used to obtain 
detailed information upon the layer parameters of the subsurface layers. 
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Figure 5.4 	 A map showing the sites ofthe vertical electrical soundings (VESs) aligned 
in two semi-parallel profiles extending from East to West direction .. 
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Figure 5.5 	 a) Current and equipotential lines produced by a current source and sink. 
b) generalized fonn of electrode configuration in resistivity surveys. 
(After Reynolds, 1997). 
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This technique has been carried out using collinear Schlumberger symmetrical 
configuration. The choice of this configuration is based on: 
a) 	 The Schlumberger array provides the greatest depth of penetration (Keller, 1967). 
b) 	 This configuration gives the least probable errors concerning the quantitative 
interpretation for the field resistivity data (Kollert, 1969 and Mohamed et aI., 
1974). 
c) 	 The interval between the potential electrodes in this configuration is increased only 
a few times and in relatively small steps compared with the current electrodes; i.e. 
to save effort and time. 
Field measurements were carried out along two profiles along the Northern part of 
the Qatar peninsula, during the late summer season (May, June July and August 1997) and 
directly after the winter season (February, March and April, 1998). The aim of such a 
measurement is to compare the results obtained at both times. 
The maximum current electrode separation reaches 200m in most of the survey 
points. 
5.4 	 Results and Interpretation 
Different methods of interpreting the apparent resistivity field curves are known 
with varying degrees of success. Vertical Electrical Sounding field curves can beI 
I interpreted qualitatively using simple curve shapes, semi-quantitatively with graphical 
model curves, or quantitatively with computer modelling. In order to extract the maximum 
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information content of a sounding curve, suitable effective and accurate interpretation 
procedures must be considered. 
All resistivity interpretation techniques can be generally considered as indirect. 
Any method of interpretation depends on the model analysis, i.e. comparison of the 
measured curves with some theoretical calculated curves using proposed model. 
In the following part, some theoretical consideration concerning different 
techniques of interpretation are discussed. 
5.4.1 Qualitative interpretation 
The initial qualitative interpretation for each sounding point depends upon the 
shape of the apparent resistivity fields curves. These curves have several types (Fig.S.6), 
type H and K have a definite minimum and maximum respectively, indicating a bed or 
beds of anomalously low or high, resistivity at intermediate depth. Types A and Q show 
fairly uniform change in resistivity, the first increasing, the second decreasing with depth 
(Telford et. aI., 1990). These curves may be combined to give a compiled curve type. 
The aim of these techniques is mainly to determine probable number of the 
subsurface layers combined in each sounding curve, to give an orientation to the automatic 
quantitative interpretation. In case of the presence of large number of VESs a type curve 
map can be prepared, which shows zones of similar filed curve type. 
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Figure 5.6 	 Various'types of mult -layer profiles for Pa 
(After Keller and Frischknecht, 1966). 
113 
Aquifer Investigations in North Qatar 
5.4.2 Indirect quantitative interpretation 
Full infom1ation content of a sounding graph can be obtained by more accurate 
interpretation methods, and this can be furnished by quantitative interpretation techniques. 
The quantitative interpretation of the earth resistivity measurements has been 
subject to mathematical studies by many authors, e.g. Koefoed, 1965; Meinardus, 1970 
and Ghosh, 1971. Most of the developed theories are intended for application to stratified 
earth model of multiple homogeneous layer. 
The target of interpretation is to determine the layer parameters (Resistivity and 
thickness) from field resistivity data. 
The indirect method of interpretation is used in the present study, therefore, the 
principles of indirect methods are briefly considered hereunder: 
a) Complete curve-matching techniques are carried out graphically by comparing 
measured field data with pre-calculated catalogued curves for apparent resistivity 
(Keller & Frischnecht, 1966 and Dobrin, 1976). It could be performed graphically 
I or automatically using a computer program. This method is of limited use because 
i 
it is not possible to compile a catalogue of curves for more than two or three layers 
to have the parametric values. 
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b) 	 Partial curve matching techniques is the procedure commonly for preliminary 
interpretation which must be made in the field to achieve the main target of the 
survey. 
This method is carried out using available two and three-layer master curves in 
conjunction with sets or one generalized set of auxiliary curves. The basic idea of 
these graphical techniques is to reduce a three-layer problem to a two-layer one 
combining the two top layers to give a uniform equivalent fictitious layer (Zohdy, 
1965). In this way a multi-layer problem is progressively reduced to the simple 
two-layer one. The smoothed field curves (Pa versus Ll2) for the different sounding 
in the study area are plotted on bi-Iogarithmic papers (6.25 em) and are interpreted 
by the partial curve-matching techniques using a catalogue of master curves for 
electrical sounding (Orellana el. ai., 1966). 
5.4.3 Direct quantitative interpretation 
This method was first discussed by (Slichter, 1933) and (Pekeris, 1940), and later 
was discussed and generalized by (Koefoed, 1970 and 1976), (Ghosh, 1971), (Inman et al., 
1973), (O'Neill, 1975), (Patella, 1975), (Johansen, 1975) and (Lee, 1981). 
In the following part an approach to this technique has been summarized by (Abdel 
Fattah, 1984), starting from the fundamental expression (Stefanescu et aI., 1930) for the 
potential distribution on a horizontally stratified media. 
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v = P2a I [~+ 2 fB(Il, K, t)J (Il ) dill (3) 
7l r 0 r 
o 
where, 
v = is the potential at any point on the surface. 
PI = is the resistivity of the top layer. 
I = is the current source intensity. 
r = is the distance between the point observation and the 
source of current. 
B()"') = is the Kernal function. It is a function of the reflection of 
the coefficient and the depth to interface. 
J0 = is the Bessel function of zero order. 
The Kernel function B()"') or modification of it, such as the raised kemnel function 
H(),.,), which is computed from the apparent resistivity field data (Ghosh, 1971), is related 
to both the Kernel function and the resistivity transform as follows: 
H( Il) B( Il) + 1/2 (4) 
T( A )/(2 PI) (5) 
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and 
T( A ) P 1 U + 2B( A )] (6) 
where, 
A. = is the integration factor; has the dimension of inverse distance. 

B(A) = is the Kernel function. 

T(A) = is the resistivity transform function. 

H(A) = is the raised Kernel function. 

5.4.3.1 Linear filter method 
Ghosh (1971) showed that apparent resistivity (Pa) and resisti vi ty transform 
function (A) are linearly related to each other such that the principle of electric filter theory 
could be applied to derive (A) curve from the (Pa) one. The practical process of deriving 
the T(A) curve simply amounts of running a weighted average of the sampled apparent 
resistivity field data with the pre-determined coefficients (digital filter). 
The action of a linear filter can be defined by convolution integral of the type: 
00 
F(x) JG(Y) H(X - Y)dy (7) 
-00 
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where, F and G are the output and the input functions, respectively. A convolution of the 
input (G) with the filter (H) yields the output F (Das and Verma, 1980). The convolution 
of apparent resistivity samples values (Pam), with the filter coefficient (aj), yield the 
transform values (T m) at the sample point for the Schlumberger arrangement. Ghosh 
(1971) explained this in the following equation: 
b 
= a (8)Tm I Pa(m - j)Jj - -2 
for m = 0, 1,2,3,4, 5,.... 
Ghosh (1971) showed the relation between apparent resistivity (Pa) in 
Schlumberger arrangement and the resistivity transform function T(A) in the following 
equation: 
p (S) = S21T(/L) J 1 (AS) AdA (9) as 0 
or 
00 
p (S) = S2 fT(A, h ., p.) J1 (AS) /Ld/L (10) as 0 J J 
where, 
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s = is the half the current electrode spacing. 
hj, Pj = is the thicknesses and resistivities of the layers, 
respectively and 
h = is the Bessel function ofthe first order. 
Applying Hankel's inversion: 
(11)T(A) =1[p as (S)J 1 (A S)/S ] dS 
The linear filter method of deriving apparent resistivity sounding curves provide 
significant advantages over more conventional integral evaluation method (O'Neil, 1975): 
1- It is simple and rapid. 
2- High accuracy. 
3- It is programmable on computers, very little storage is required 
allowing application on most microcomputers. 
4- The execution time does not increase by the depth to bedrock 
and large resistivity contrast, and there is no increase caused 
by large depths to bedrock. 
5- Any large thicknesses are permitted, therefore, allowing finer 

definition of large thicknesses. 
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5.4.3.1.1 Techniques based on the digital filter method 
In the present study, an automatic iterative program written in BASIC-language 
and based on filter method using O'Neill techniques (Hemker, 1984) has been used to 
carry out the direct interpretation of the electrical resistivity data. This program provides a 
clear picture about the layer parameters. It can be divided into two parts: 
1) The first part; consists of a method for calculating the apparent resistivity for a given 
model using Ghosh method (1971), which depends on the resistivity transform function 
T(A). The T(A.) obtained is related by Ghosh to the layer parameters through the following 
relations: 
- 2.,1, h 

1+ Kl e 1 

(12) 
- 2.,1, h 

1- K e 1 

1 
and 
In case of three layers 
where, 
Pn and hn= are the resistivities and thicknesses of the layers concerned, respectively. 
Kn = is the reflection coefficient. 
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2) The second part of the program compares observed and calculated resistivities using or 
Gauss-Newton methods, which are used for minimizing the non-linear sum squares 
(Marquardt, 1963). The mathematical problem to be considered here is that minimizing 
m 2 
s(P) = L(iS p . (P)) (14)
al 

i = 1 

mean square differences (Nash, 1979): 
since 
<5 p (p.) = p (i, p.) - P (i) (15) 
ai J ac J ao 
Where, 

Pao(i) = is the measured apparent resistivity. 

1 = is the number of measured apparent resistivity. 

Pj = is the set of parameters which will be varied to fit the model to data, and 

Pao(i, Pj) = is the calculated resistivity value which depends on the 
proposed geoelectrical model parameter. 
The computer must be fed with the apparent resistivity sounding curve and its 
corresponding proposed geoelectrical model. At the end of each iteration, the program 
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calculates the apparent resistivity for the proposed model and then it compares them with 
observed apparent resistivity values and calculates the root mean square relative deviation 
from the observed data. If after calculation, the calculated apparent resistivity sounding 
curve does not correspond to the observed curve; the resistivity profile is corrected and a 
new model is proposed. 
5.4.3.1.2 Full automatic technique 
This is an iterative method for automatic interpretation of Schlumberger and 
Wenner sounding curves. It is based on obtaining interpreted depth and resistivities from 
shifted spacing and adjusted apparent resistivities, respectively. This method depends on 
inverting the sounding curve itself without transforming it to its resistivity transform curve 
(Zohdy, 1989). 
In this technique, the layering model is obtained from a digitized curve. The 
number of layers equals the number of digitized points, and the layer boundaries are 
spaced uniformly on a logarithmic depth scale. The purpose of digitizing the sounding 
curve is to accelerate the computation of the succession of theoretical sounding curve used 
in the iterative process. This method is dependent on the study of the Schlumberger and 
Wenner theoretical sounding curves for horizontally stratified, laterally homogeneous and 
isotropic media. During the application of this technique the following steps should be 
considered: 
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a) The electrode spacings do not adequately approximate the depths to various layers. 

Thus, the assumed depth must be shifted to the left in order to bring the assumed layering 

more or less in phase with the resistivity depth. 

b) The apparent resistivities do not adequately approximate the true resistivities. 

Therefore, the assumed resistivities must be adjusted to approximate the amplitude of the 

true resistivities. 

1- Depth determination using Zohdy's methods 
In practice, the true resistivity-depth curve is unknovvTI. Therefore, in order to 
determine the amount of shift to the left to bring the assumed and unknown layering to the 
nearest "in-phase" 
condition, the following iterations are followed: 
a) The digitized electrode spacing are assumed equal to the depths and the apparent 
resistivities are equal to the true resistivities at those depths. 
b) A theoretical sounding curve is computed for this multi-layer model by 
convolution Zohdy, 1989). 
c) The root-mean square (RMS) percent is computed from the equation: 
N 112 
L [(paoj - Pacj)/p . )] 
RMS%= 
j = 1 aOJ (16) 
N 
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Where, 

Paoj = is the jth observed apparent resistivity. 

Pacj = is the jth calculated apparent resistivity. 

N = is the number of digitized apparent resistivity points 
(withj = 1 to N). 
d) All the depths are multiplied by 0.9 to decrease all the layer 
depth by 10 percent (small arbitrary amount). 
e) Steps b and c are repeated and a new RMS% is computed. 
±) The new RMS% is compared with the previous one. lfthe new 
RMS% is less than the previous one, then the newly computed 
shallower depths will be more in-phase and are closer in position 
with respect to the true depths. 
g) Steps d, b, c and f are repeated until RMS% is minimum. 
2. Resistivity determination using Zohdy's methods 
This is done by iteration as follows 
a) At each digitized electrode spacing on the observed and calculated curves, if the 
computed apparent resistivity at the jth spacing is less or greater than the corresponding 
observed apparent resistivity, the corresponding true resistivity of the fh layer should be 
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increased or decreased. Moreover, the calculated apparent resistivity will rise (or fall) and 
approaches the observed resistivity. The amplitude of a layer resistivity adjusted as : 
P. U) = P. U) x p G)/p .U) (17) 
1+ 1 1 ao aCl 
%ere, 

I = is the number of iterations. 

J = is the jth layer and /h spacing. 

PiG) = is the layer resistivity at the ith iteration. 

PaoG) = is the observed apparent resistivity at the /h spacing, and 

PaciG)= is the calculated apparent resistivity at the jth spacing and the ith iteration. 

The ratio of the observed to the calculated apparent resistivity is multiplied by the 
corresponding layer resistivity to adjacent it to a higher or lower value. 
b) A new sounding curve is calculated using the adjusted resistivity. 
c) A new RMS% is computed and compared with the previously obtained RMS%. 
d) Steps a, band c are repeated until a match is found to the observed curve or until 
another condition is met to terminate the iterative process. 
Each sounding curve has its unique depth shift factor that yields a minimum 
RMS%. 
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5.4.3.2 General measuring techniques 
Many measuring techniques are known, each can be used for solving specific 
problem. Resistivity measurements were carried out in the field by using Vertical 
Electrical Sounding (VES) techniques (Schlumberger). 
The aim of such survey, is to correlate the hydrogeological conditions of the 
different water-bearing layers along the two profiles. 
The relation between the maximum depth of investigation and the current electrode 
spacing has been studied by many authors: (Evjen, 1938), Roy and (Apparao, 1971), Roy 
and (Elliot, 1981) and (Abdel Fattah, 1994). Evjen (1938) defined the term depth factor 
"F" as the ratio of the depth to the midpoint parallel to the earth's surface of the study 
target (S) and the current electrode separation (L), where, 
F=SIL (1) 
This depth factor has no direct relationship to the depth of current penetration, but 
some indirect relations may be present. The factors affecting "F" have been studied by 
(Frohlich, 1967) and (Zohdy & Jackson, 1969), who have calculated "F" as ranges 
between 113 and 1I4ofL. 
126 

Aquifer Investigations in North Qatar 
b) Carrying out matching technique of interpretation on the data. 

c) Using the results obtained from (b) as an initial model for carrying out (achieving) the 

automatic interpretation using special software. 

d) The application of both steps (b) and (c) did not give good results, when comparing the 

final model with the actual geologic information obtained from some wells drilled in the 

area. 

e) Zohdy's technique (1989) is used to change each apparent resistivity value and half 

current electrode spacing (L) into true resistivity and depth values. 

f) When applying (e) we have a number of layers equals to the number of digitized points. 

g) After that step, thicknesses of each group of strata having equal or nearly equal 

resistivity values are stacked together to form one layer. 

h) The obtained number of layers after stacking are taken as new initial model that 

introduced into another algorithm prepared by Hemker (1984) after the method described 

by Ghosh (1971) to give the final model. 

It should be mentioned here that these steps gave the best results when comparing 
them with the actual geologic information (Flathe, 1976). 
In the following part each measured profile in the study areas IS considered 
individually taking into consideration the steps mentioned above. 
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5.5.1. Interpretation of the resistivity sounding data along 

the measured profiles 
The two measured profiles named southern (S-S') and northern profile (N-N') have 
been interpreted qualitatively and quantitatively. 
The geological and hydrogeological situation are taken into consideration during this 
step (Flathe, 1976). Another two YES supporting survey point M1 and M2 located 
between and parallel to the two profiles are also measured. 
5.5.2. Qualitative interpretation of the Southern profile 
This type of interpretation is represented by defining the curve type and apparent 
resistivity relations for the different layers (Keller & Frischnecht, 1966), (Telford et. aI., 
1990), and (Reynols, 1997). 
Regarding the sounding point (S 1) in both summer and winter seasons, their curves 
are three layer K-type. Sounding point (S2) indicates HK type for both seasons. Sounding 
point (83) shows a clear K-type for the two seasons. Sounding points (84 and 85) show 
again HK type for both seasons. 
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Clustering of these sounding points with respect to curve types indicates that, the 
sounding point 81 and 83 have the same curve type (K) while sounding points S2, 84 and 
S5 have another curve type (HK). This classification reflects relative subsurface geological 
and hydrogeological similarities at these different sounding points. 
5.5.2.1. Pseudosection of the southern profile 
Pesudosections are indicated by representing the three survey parameters (half 
current electrode spacing (L), measured apparent resistivity CPa) and sounding spacing) in 
one figure. 
5.5.2.2. 	 Analysis of the pseudosection of the dry (summer) 
season (Table, 5.2) and (Fig. 5.7) 
It can be noticed that the resistivity of the water bearing layer has its minimum 
value near the shore line which increases gradually to form the transition zone which is 
followed by relative high resistivity layer representing the fresh water bearing layer. These 
infoffilation will be discussed in a quantitative manner through this chapter. 
5.5.2.3. 	 Analysis the pseudosection of the wet (winter) 
season Table (5.3) and Fig. (5.8) 
Analysis of this figure shows more gradual increase of the apparent resistivity 
value than in summer, from the East inland in a westerly direction. 
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Table 5.2 Geoelectric data along the southern profile (Summer season) 
AB12 PaSt PaS2 PaS3 PaS4 PaSS 
2.2 10.3 58.6 6 41.9 43.0 
3.2 11.5 51.4 6.3 37.0 40.1 
4.6 13.6 41.4 6.7 31.0 31.5 
6.8 13.6 26.2 8 35.2 26.3 
10 13 17 10 44.0 25.4 
14.9 13 12.9 14 50.6 30.9 
21.5 12.6 13.2 17.9 51.9 45.0 
31.6 11.7 13.6 32.7 48.1 56.5 
46.4 9.2 16.8 24.3 37.5 57.6 
68 9.3 17.9 22 26.4 60.0 
100 10 17 17 17.0 56.0 
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Table 5.3 Geoelectric data along the southern profile (Winter season) 
AB/2 PaSl PaS2 PaS3 PaS4 PaS5 
2.2 10.5 61.6 6.5 53.0 26.5 
3.2 12.7 48.4 7.8 40.0 25.4 
4.6 13.8 33.7 9.6 32.0 18.8 
6.8 15.1 24.2 12 25.0 22.0 

10 15 17 16 23.0 27.5 

14.9 14.1 13.9 22 28.0 38.1 
21.5 12.8 13.2 29.5 33.0 48.0 
31.6 11.7 16.6 31.9 39.0 65.0 
46.4 10 16.8 30.1 38.0 80.0 
68 10 19.9 23.5 32.0 81.2 

100 10 18 15 26.0 75.0 

Critical correlation between the two pseudo sections for both summer and winter 
seasons of the southern profile indicates that, the transition zone migrated towards the 
Western direction (shoreline) during the winter season due to recharge during the rainy 
season. 
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Figure 5.7 Pseudo section along the southern profile in the summer season. 
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Figure 5.8 Pseudosection along the southern profile in the winter season. 
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5.5.3 Quantitative analysis of the different profiles (Table 5.4) 
Analysis of the different profiles was carried out taking into consideration the 
steps from (e) into (h) given in 5.4.1. Each sounding point is considered individually, then 
the geoelectric section of each profile is prepared. 
5.5.4. Quantitative analysis of the southern profile 
This profile consists of five vertical electrical soundings measuring points 
81, 82, 83, 84 and 85. Each point is discussed quantitatively hereunder in both seasons 
(summer and winter) 
YES SI (farm no. 334) (Table, 5.4) 
This VE8 lies very near to the shoreline, about 5 km to the West. It was measured 
twice, at the end of the dry (summer) and the wet (winter) seasons (Appendix A, VE8 
81). 
Analysis of the dry season (summer) survey 
In the dry season measurement, Zohdy's interpretation and the final model 
Appendix A, is represented by three layers. The overburden has resistivity of 10.1 ohm.m 
indicating recent marine silts extending to a depth of 2.8 m. 
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The underlying layer has resistivity value of 74.6 ohm.m and extends till a depth 
of 3.5 m which is considered as a fractured limestone. The third layer in this model has a 
resistivity of 9.6 ohm.m indicating the beginning of some sort of mixed fresh/salt water 
(transition zone). 
Analysis of the rainy season survey 
In the rainy season measurement, a three layers model is interpreted (Appendix A, 
YES Sl) The overburden has resistivity value of 9.5 ohm.m indicating recent marine silts 
extending to a depth of 2 m. The underlying layer has resistivity of 70 ohm.m and extends 
to a depth of 2.5 m which is considered as a fractured limestone. The third layer has 
resistivity value of 10.7 ohm.m indicating the beginning of mixed fresh/salt water. 
VES 82 (farm no. 330) Table (5.4) 
This YES which is located to the east of S 1 about 10 km, was also measured 
twice, at the end of both the dry and the rainy seasons (Appendix A, YES S2). 
Analysis of the dry season survey 
Analysis of the dry season survey was carried out according to the above steps to 
give a model of four layers (Appendix A, YES S2). 
An overburden layer with a resistivity value of 63.1 ohm.m is observed extending 
to a depth of 2.7 m representing a limestone layer. The underlying layer has a resistivity 
value of 11 ohm.m at a depth of 2.7 m which can be interpreted as marly limestone. 
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Table 5.4 Interpreted geoelectric models along the southern profile 
I 	 II 
WINTER SUMMERYES WINTER SUMMER 	 YES 
No. p h Z p h Z 	 No. p h Z p h Z 
(nIIm......) (ohm-rn) 	 {(IJun..m) «IiUQ-m)(m) (m) (m) (m) 	 (m) (m) (m) (m) 
SI 10.5 2.0 2.0 10.1 2.8 2.8 82 63 2.3 2.3 63.1 2.7 2.7 
334 70 0.5 2.5 74.6 0.7 3.5 330 10.5 15.7 18 11 15.8 18.5 
10.7 	 9.6 36 15 33 35 15.5 34 
16 15 
r 
S3 6 2.8 2.8 5.7 4.9 4.9 S4 59 2.1 2.1 60.7 1.2 1.2 
840 81 13.2 16 90 14.1 19 1087 9.9 2.7 4.8 14 1.0 2.2 
7 4 61 17.1 21.9 61 18.8 22 
18 	 15 
,
...... 
85 32.7 1.7 1.7 44.4 2.6 2.6 

884 6.7 1.7 3.4 6.2 1.6 4.2 

160 31.6 35 101 31.8 36 

32 	 28 
p : Resistivity h : Thickness 	 Z: Depth 
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The third layer has resistivity value of 35 ohm-m at a depth of 18.5 m representing 
the fresh water bearing layer which extends to a depth of 34 m, which is underlain by a 
mixed fourth layer with resistivity of 15 ohm.m, which extends to the maximum depth of 
penetration 
This layer or (zone) is characterized by lower resistivity than the fresh-water zone, 
which is due to the mixing process between fresh and salt water due to the over-pumping 
and lack of recharge during the summer season. This may be attributed to the presence of a 
dynamic-dynamic equilibrium between fresh and salt water. 
It is possible to find a very salty water at greater depths (this depth can not be 
detected because the maximum depth of penetration does not reach this layer). 
Analysis of the rainy season survey 
This model is formed of four layers (Appendix A, YES S2) the upper most one has 
the maximum resistivity value of 63 ohm.m and extends to a depth of 2.3 m. This layer is 
followed by a layer oflow resistivity value of 10.5 ohm.m and extends to a depth of 18 m 
representing a marly formation, which is followed by a relative high resistivity layer of 
resistivity value of 36 ohm.m and extends to a depth of 33 m and is represented by a fresh 
water bearing layer. The fourth layer has a resistivity value of 16 ohm.m representing a 
mixed fresh/salt water bearing layer. 
138 

D.~-------------------------- -------­
Chapter 5, Geophysics 
VE8 83 (farm no. 840) (Table, 5.4) 
This YES which located far away from the shore line and about 9.5 Jan from 82, where 
it lies in the middle of the southern profile (S-8'). 
Analysis of the dry season survey 
This model is formed of three layers (Appendix A, YES 83). 
An overburdern layer has a resistivity value of 5.7 ohm.m and extends to a depth of 
4.9 m. The underlying layer has a resistivity value of 90 ohm-m at a depth of 4.9 m which 
can be interpreted as a fractured limestone. The third layer has a resistivity value of 4 
ohm.m representing the presence of a salt water bearing layer at a depth of 19 m. This 
abnormal phenomenon may be attributed to the dissolution of evaporites in this area, the 
Rus Formation where they are known to occur. 
Analysis of the rainy season survey 
This model is formed of three layers (Appendix A, VE8 83) An overburden layer 
has a resistivity of 6 ohm.m which extends to a depth of 2.8 m. The underlying layer has a 
resistivity value of 81 ohm.m at a depth of2.8 m which can be interpreted as a fractured 
limestone. The third layer has resistivity value of 7 ohm.m representing the presence of 
salt water bearing layer at a depth of 16 m. 
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YES S4 (farm no. 1087) Table (5.4) 
This site which is located very far from the shore line and about 10 km to the east 
ofS3. 
Analysis of the dry season survey 
This model is formed of four layers (Appendix A, YES S4). 
An overburden layer with a resistivity of 60.7 ohm.m represents a fractured 
limestone. The underlying layer which has a resistivity of 14 ohm.m at a depth of2.2 m 
which indicates a mixed clay and soft shale. 
The third layer which has a resistivity value of 61 ohm.m indicates the presence of 
a fractured limestone at a depth of 22 m, which is underlain by a transition zone of 
resistivity value of 15 ohm.m, which is characterized by lower resistivity than that of the 
known fresh-water resistivity zone. 
Analysis of the rainy season survey 
This model is represented by four layers (Appendix A, YES S4). 
An overburden layer with a resistivity of 59 ohm.m represents fractured limestone 
and extends to a depth of 2.1 m. The underlying layer which has a resistivity of 9.9 
ohm.m at a depth of 2.1 m which indicates a mixed clay and soft shale which has been 
transported for agricultural purposes as a fertile soil. 
The third layer of resistivity value 61 ohm.m indicates the presence of slightly 
fractured limestone layer at a depth of 4.8 m, the fourth layer has a resistivity value of 18 
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ohm.m at a depth of 21.9 indicating the presence of a transition zone, which is 
characterized by lower resistivity than that of the known fresh-water resistivity zone, due 
to the mixing process, between fresh and salt water due to the over-pumping. and lack of 
recharge process during the summer season. 
VE8 85 (farm no. 884) (Table, 5.4) 
This sounding point is located at the extreme western side of the southern profile 
(8-S') about 45 km from the shoreline. 
Analysis of the dry season survey 
This model is represented by four layers (Appendix A, YES S5). 
An overburden layer with a resistivity of 44.4 ohm.m indicates the presence of hard 
shale which. extends to a depth of 2.6 m, which is underlain by a clay and soft shale layer 
of resistivity of 6.2 ohm.m at a depth of 2.6 m. The third layer is a fractured limestone 
with a resistivity of 101 ohm.m at a depth of 4.2 m, the fourth layer has a resistivity of28 
ohrn.m at a depth of 36 m indicating fresh water bearing layer. 
Analysis of the rainy season survey 
This model is formed of four layers (Appendix A, YES S5). 
An overburden layer with a resistivity of 37.2 ohm.m indicating the presence of 
hard shale, which is underlain by a clay and soft shale layer of resistivity of 6.7 ohm.m at 
a depth of 1.7 m. The third layer is a fractured limestone with a resistivity of 160 ohm.m at 
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a depth of 3.4 m, the fourth layer has a resistivity of 32 ohm.m at a depth of 35 m 
indicating fresh water bearing layer. 
Critical evaluation shows that, both water quality and level increases in the rainy 
season where reasonable amount of water was added to the aquifer through recharging 
phenomena. 
The critical correlation between the results obtained for both VESs (dry and rainy 
seasons), reflect that the depth to the fresh/salt water mixed zone decreases while the 
resistivity value increases due to the precipitation rainfall. The opposite case is observed 
for the summer season. 
Analysis of the Geoelectric section-southern profile -summer 
The results for each model in summer and winter seasons are used for constructing 
two geoelectric sections (Figs. 4.9 and 4.10), for both summer and winter seasons, 
respectively. Analysis of these sections reflect that, the YES point close to the shore line 
which has a resistivity value of 9.6 ohm.m indicates an obvious salt water encroachment 
from the eastern direction. To the west of SI another water bearing layer which has a 
resistivity value of 36 ohm.m representing a freshwater lens is detected at 82. Another low 
resistivity layer occur which has a resistivity of 4 ohm.m representing another salt water 
encroachment by S3. The next western two YES points show a gradual increase of the 
resistivity values as the water type appears to be better having a resistivity value from 15 
ohm.m to 28 ohm.m. 
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Analysis of the Geoelectric section-southern profile -winter 
The same principle can be applied for analysis of the southern profile in winter. 
The main difference is that in winter and due to the recharge phenomena, there will be a 
noticeable increase in the resistivity values of the water bearing layer. Analysis of this 
section reflects that the YES point close to the shore line, which has a resistivity value of 
10.7 ohm.m, indicates an obvious salt water encroachment from the Eastern direction. 
The next water bearing layer, which has a resistivity value of 35 ohm.m represents 
a freshwater lens. Another low resistivity layer occurs below this which has a resistivity of 
4 ohm.m representing another salt water encroachment. Below that, the next two YES 
points show a gradual increase of the resistivity values as the water type appears to 
improve with a resistivity value of 18 ohm.m to 32 ohm.m. 
5.5.5. Qualitative interpretation of the northern profile 
Following the same principles as in the southern profile egarding the sounding 
points (N1 and N5) in both summer and winter seasons, their curves show a four layer 
HK-type. Sounding point (N2 and N4) indicates KH type for both seasons. Sounding point 
(N3) shows a clear K-type for the two seasons. 
Clustering of these sounding points with respect to curve types indicates that the 
sounding point Nl and N5 have the same curve type (HK) while sounding points N2 and 
N4 have another curve type (KH). This classification reflects subsurface geological and 
hydrogeological similarities at these sounding points. 
143 

I":: -
9 6 ohm-m . ji: --~ 
. 
20 I 
NW+E 
YES VESYES S4 
Elev.(m) 85 S3 Elev.(m) 
YES30 I '- ..... Ground Surface 30
'¥ S2 YES:t' S1 20~ ~ 10 6.2-101ohm-m 10'¥ 
o I Overburden 0 1~ 
~ 
'"1 
,~
-10 
-10 (1) 
{J> 
OQ' 
>-' -20 
-20 ,~, 0WatcrTablc I)' _-:::-:::::::::~:~~lIljl "11~1~111~}-~!11I1 r+ +:0 
V>+:0 ~ II ii" I'll ~~::::~:~:-:-:-:-:-:-:-:' _ lVat"b..rlnglaytr ::> 
-30 z 
0 
::1­
:::­
-40 1,0 
-30 III~i~~I~ -:~:~~i::~~~t:::~~~~~:~l\~!lllllllllll!~4!~ ,S' -40 w..,;',:::,"',." ~11111 11 ' g y - - - - - - - - - - - - - - - - - - - - -,
------- - ----------_. 
po 
-:~:::~:~:~:~:~:~:~:~r:::~:~:~:::~:~~:~:~l:::=:=::~::-i 
....11 -- ------- ----------. 
~ -­
P'r;o..p~~I~.J .t~~m~'p"lQf,
••• Probable interfaces 
...... tbJliYlt\f.~.Ii,b~,t\r.ln"j I~~~r; 
Figure 5.9 Interpretation of the geoelectric cross-section along the southern profile in the summer season 
---- ------------- ----------
, 

N 
~--+-E 
YES YESYES S4 	 Elev.(m)S3Elev.(m) S5 
30 Ground Surfllce 	 YES 30YES'¥ S2 
S1 2020 
1010 	 7-160ohm-m 
Overburdeno 	 0 
19-10
-10 
.g 
rt 
~ 
'"I 
Water Table I_UI
-20>--'" 	 -20 
36ohm-m+:>. 0Willer bearloJ 	 (t;VI .-==:::=:=:==~!~:~:~:~i~~ilI layer 	 0 
. ------- ---- --. 1 '-	 ,"g.
-30 IP' ------------------- I /.1__ -30 	
'< 
o· '"
-' -III -@f:;:~;~::::~~~~@:~WI[Il!lll!!!l(:t.j
\11\11\111111 
'" 
-40-40 111111111 till .. 0 ....-'" :::-:-: ••~~.__::::::_:_::::: :::=:_: :_:_:_:__~:J!~ 
32ohm-m IIillI W.."",..,"".~, :-:-:-:-:_--:-:-t-:-:-:-:-:-:_:__-} "" ~'"~ _~:_:_:_IIWiiOili = 1 ~:::::::::c:c::::: :::=:::-:-:-:-:-:-A __ _
----------t----------1 -----­.-~---------.-----.-- ----------------.--- ------t---------------------' 
••• Probable interfaces -t-t P.r.ob~I)J~)'Il~"JII'~".Qfi
th'll,w2lt~"·~_21r.IJ)"j If:!I~~r.-
Figure 5.10 Interpretation of the geoelectric section along the southern profile in the winter season 
-YES 

YES S4 YES 

S3 

YES NSS t ,L YES
--T---j-____~__~ 10m 
T 81 i 
t t­
60.10m h~LTL 
1,-","".....-;-,...1- Om44.4 Om 10,1 n.m 

6).1 0 ... 

0.2 Om ;»140m 
i "7Q"~ ~ 74.60.nl ..0 C 
"LI ~ 9.6n.m..LW-: ~ .... I 5'~ rt¢j -10m -<Fractured CI> 
LimeJtoue ~ 
....... + ~' 
S.ltWatu+>- !=l. 0\ ~ O·bt2: 
!:l1 
LEGEND11 n.m '" 90n.m ~ Marine r-r=r T 5' 
- - _~18.Sm Silt l-r "T"" Z 
o 
fnlctw-cd61n.m v ~19m 35n.• S.Limeslone 
IOIU.m 22m 4 O.m Fractu..-ed 10v Marly !=l.Umesfone 
Limcstonel .. l- t., E:i150,m + Frt'lh 
FracCurtd HardWattt ~ 
Llmutone Shale l.:...--=...:JJJ.l 1 + v..•...chlrcd 
Limeslone 
 Sail W.lcr 34 m Cia}' aud 
+ son shaJ~ISO.mTrlln.llioD 
ZOJle Fracturca Llme~foDe Evupontc~i5~~36m + !'tHnd W.,er ~ frkturtdV ~ ""'m ~~40mli.Jmat-bGt I" I "I I 
+ 
h'nh V Main Water Table, Resistivity values in n.m 
Figure 5.11 Hydrogeological Interpretation of the geoelectric section along the southern profile in the summer season 
$t'-----~~~-",A; '''I' 	 ~"'~._)!iiliJidL _iN ~,,_~,IJ;Jiii1i!!?iiAti, .'<,.-.,"_ ,M __ ;JfiI.~~ __--,_. ,~ 
YES 
YESYES 	 84 
83S5 YES 	 Nt 10mt 	 t S2 VJ!,~T 1L--~~ l- 81 r 
t 
590m 
Om
-
1 lI1 
-: J11-f_L 	 10.5 n.m 
4~.4 Om 6J n.m 10n.nl
-----------	 6nm _ 1 I
------	 16.7nm 	 9.9nm 
- ILl1 ~I 	
J U1 10.1 n.ot1 I~~ 	 ::rL.i ~ 	 n 
.gJ I -LL£ 	 Om Fn.clundIT 	 CD...,
Umeslone(J 1 ~Ll 	 v.f1 	 + 
>--' lL I ~ SaU Wain o
.j::.. ' -i.- (1) 
--..J 81 n.m 	 '0 o;L ~-L 'I J 1 JeJ 	 LEGEND04- 16 m lO.SO.mJ1: -1 ...l 	 Marine r:;:-T-r U> 
Om I Sill 1..-..,... o·I] '1i r i jl 	 ~ I .1 J.i I \,1 -1 36n.m fractured '" 61 n.m 
lL-1 1 'J 	 Limeslonc FraCIIlRd
.l.i...L ~ 21.9m 11.1 
160n.m \,1 7 n.m , i Limeslone 	 Mally
'J J 1 ...l + Limestone I. , - I .. 
r 18n.m 11 j>-L Fresh 
'j 
-1 Fractured J -) Wafer -J Hard c=::=::=J,LJ5 Lirneslone Shale C::.:..:Ji 
"'racturc::d'I 	 + -'- \,1 33 III 
LimeUOdt' iSaltWater I 	 Clay andJ...f .1 ~6m + P=lJ J'I 	 .soft $hale\,1 	 n -,-- TransilioD. 18n.ill 
r j, 
--l- 32 n.m Zone J 1J Ftaclurcd Limestone Evapocile~
Fratturtd +l.lma:tone Mixed W.ter 
, 	 ~-h-~ iLl
-1 
-4 
Fresh 
+ j,/-L 
jIl 	 r:-. .JW.ter 
V 	 Main Water Table, Resistivity values in n.m 
Hydrogeological interpretation of the geoelectric section along the southem profile in the winter season Figure 5.12 
"'·'·""",:r~~~·.,}:·~"'~"'·:M':·:_\_:,·~··"IIiIII'&·~'___C_b_":_~_';'--,~-.-.---..--.-~--.-..---~~" -"'-"._­
YES 

YES YES NS4S5 t83 YES S2 10 m YES t Sl 
2.7-(44.4) n.m 
6.2-(6.7) n.m 
-I"­
00 
160·(I01)llm 
18)-31 n.m 
v 
Fradurtd 
l.imutont 
+ 
Fr('~h 
\\'Alrr 
~•. (60.71 n.m 6.3-(63.1) n.m 
•.•.\14) n.m (5.7)-6 n.m 
Muly 
LlRlulont 
81-(90) nm 
JO.~-{ll) {loom 
61-(61)o.m Y-· ~!i.~~_._._._y_ 
~ (4)-7 O.m
'11-01 __ 1,.,.. -­\l (35)-36 n.m 
18-(I~) n.m 
- ---o!f z-rii"'" -­FnH'(tIrt'11, 
,. / 
/' / 
/ 
T .... nsltlon 
7,onr··············~35A 
L-______J-________________L-______L-______________-L______~________________.JL_______~__ , ____________~_ ~40m 
V Mnin \VoCer Tl\ble - . - . - . - . _. - Winter levels 
-- -- - Summer levels, HesisfiviCy \'0 Illes n,lII. in braci,els ( ) are SlIlIlllle,"s vnlues 
Llanufont f.'nclure-d 
+ Limnfonr 
Sale Watu • 
frr,h 
"'altr 
(15)-16 n.m 
LlmnloUt 
I\tllLtd 
Wa.tt 
t 10 m 
Om » 
.D 
t::lo,~.(IO.lln.m ~ 70~H.6)n.m ..... 
::l(9.6)-10.1 Om <: 
<1> 
~. 
(fQ
-10m 
Fractund g.
Umu(ont' o 
::l+ V> 
Sal. W.'u 
::l 
Z 
o 
+-18 m ;:t ~ 
-20m /)~-18.5 m ~ 
~ 
-JOm 
. -, -. -, -., +-33 JIl 
+-34 JIl 
Figure 5.13 Interpretation of geoelectric cross-sections along the southern profile in both summer and winter seasons 
Chapter 5, Geophysics 
5.5.4.1. Pseudosection of the northern profile (Summer and Winter) 
Table (S.S, S.6) Figures (S.11, S.12) shows the psedusosectioll of this profile in 
summer and winter season, respectively. Analysis of this figures shows vertical salt water 
intrusion beneath the sounding point (N4). Horizontal sea water intrusion as noticed at the 
extreme part of the study project. Relative suitable water is present all over other parts of 
the section. 
These information will be discussed in a quantitative manner through this chapter. 
Critical correlation between the two pseudo section for both winter and summer 
seasons of the northern profile indicates that, the transition zone migrated towards the 
Eastern direction (shoreline) during the summer season due to recharge from rain water, 
during the preceding winter. There is clearly a lag between the time when the rain fall 
occurs and the effect upon the salinity of the groundwater. 
5.5.4.2. 	Quantitative analysis of the northern profile (Table, 5.7) 
This profile consists of five vertical electrical soundings measuring points N 1, N2, 
N3, N4 and NS. 
Each point is discussed quantitatively hereunder in both seasons (summer and 
winter) 
VES N1 (farm no. 228) 
This YES lies very near to the shoreline to the East of this profile (N-N'). It was 
measured twice, at the end ofboth the dry (summer) and the wet (winter) seasons. 
149 

Aquifer Investigations in North Qatar 
Table 5.5 Geoelectric data along the northern profile in the summer season 
AB/2 PaN 1 PaN2 PaN3 PaN4 PaN5 
2.2 20.8 145 170 18.0 92.2 
3.2 24.3 155 183 19.1 89.0 
4.6 22.8 157 179 21.0 77.6 
6.8 18.1 155 169 24.0 77.0 

10 14.0 140 150 29.1 74.0 

14.9 12.3 122 095 31.4 61.0 
21.5 13.6 080 085 30.1 56.1 
31.6 16.0 047 047 21.4 45.0 
46.4 14.4 025 040 16.8 40.0 
68 12.0 020 029 14.9 37.0 

100 13.0 024 017 17.8 39.0 

Analysis of the dry season survey 
In the dry season measurement, Zohdy's interpretation is represented by (Appendix 
A, YES Nl). The final model of this point is formed of five layers (Appendix A, YES 
Nl). An The overburden has a resistivity value of 11.2 ohm.m indicating marly limestone 
extending to a depth of 0.6 m. 
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Table 5.6 Geoelectric data along the northern profile in the winter season 
AB/2 PaN1 PaN2 PaN3 PaN4 PaN5 
2.2 34.5 30.0 090 33.1 112 
3.2 34.8 36.0 095 29.7 110 
4.6 33.7 40.0 126 28.3 III 
6.8 29.4 48.0 145 26.9 103 

10 25.0 55.0 140 27.0 097 

14.9 16.5 60.0 101 29.0 089 
21.5 17.5 54.0 080 27.2 068 
31.6 20.8 42.0 055 21.0 045 
46.4 24.5 32.0 044 14.8 037 
68 19.2 30.0 031 12.1 035 

100 18.0 32.0 018 13.0 038 

The underlying layer has resistivity value of 54 ohm-m and extends to a depth of 2 
m which is considered as a fractured limestone. 
The third layer in this model has a resistivity value of 5.8 ohm.m indicating the 
presence of soft shale at a depth of 5.9 m. The fourth layer which has a resistivity of 20.6 
ohm.m indicating the beginning of some sort of fresh water at a depth of 26 m. The fifth 
layer, which has a resistivity value of 8.5 ohm.m, represents a salt water bearing layer 
extending from a depth of 26 m to the maximum depth of penetration. 
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Analysis of the rainy season survey 
Appendix A (VES Nl) shows the rainy season measurement. Here also a five 
layer model is interpreted. The overburden has resistivity value of 12.2 ohm.m indicating a 
shaly layer, extending to a depth of 0.4 m. The underlying layer has resistivity of 62.3 
ohm-m extending to a depth of2.7 m and formed of fractured limestone. 
The third layer in this model has resistivity value of 6.5 ohm.m representing a soft 
shale layer. The fourth layer starting at a depth of 5.5 m, has a resistivity value of 22 
ohm.m which indicates the beginning of fresh water bearing layer. The fifth layer which 
has the minimum resistivity value of 9 ohm.m at a depth of 24.9 m, represents a mixed 
water bearing layer extending to the maximum depth of penetration. 
VES N2 (farm no. 226) 
This site which is located to the west ofNI at a distance of about 14 km from the 
shore line, was also measured twice, at the end of both the dry and the rainy seasons. 
Analysis of the dry season survey 
Analysis of the dry season survey gave a five layer model (Appendix A, YES N2) 
An overburden layer with a resistivity value of 74.3 ohm.m is observed extending 
to a depth of O.8m representing fractured limestone. 
The underlying layer has a resistivity value of 449 ohm.m at a depth of 1.7 m 
which can be interpreted as hard dolomitic limestone. The third layer has resistivity value 
of 114 ohm-m at a depth of 13.3 m indicating the presence of a fractured limestone. 
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Table 5.7 Interpreted geoelectric models along the northern profile. 
I I 
YES WINTER SUMMER YES WINTER SUMMER 
No. p h Z p h Z No. p h Z P h Z 
(olua.m) (m) (m) (olun·m) (m) (m) (uhm·m) (m) (m) (uhm·rn) (m) (m) 
Nl 12.2 0.4 0.4 11.2 0.6 0.6 N2 27.8 2.8 2.8 74.3 0.8 0.8 
228 62.3 2.3 2.7 54 1.4 2.0 226 177 0.4 3.2 449 2.5 1.7 
6.5 3.2 5.5 5.8 3.9 5.9 128 6.3 9.5 114 to 13.3 
22 17.4 24.9 20.6 20.1 26 5.4 9.5 19 3.5 7.6 20.9 
9 8.5 45 37.1 
N3 44.8 0.7 0.7 185 0.3 0.3 N4 56.3 0.7 0.7 25.2 0.5 0.5 
839 161 7.3 8 167 8.2 8.5 203 24.4 4.6 S.3 14.8 1.9 2.4 
46 19 27 43.1 20.5 29 48 7.9 13.2 43.6 11.7 14.1 
18 15 4.6 16.8 30 7.1 16.9 31 
22 20 
, 
N5 116 1.1 1.1 93 1.1 1.1 
696 100 2.3 3.4 84 2.4 3.5 
126 6 9.4 69.6 8.5 12 
25.1 23.3 32.7 30.4 23 35 
44.2 40.9 
p: Resistivity in ohm.m h : Thickness in m Z: Depth in m 
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The fourth layer which has a resistivity value of 3.5 ohm.m indicating a sediment 
of wet and clayey nature, extends to a depth of 20.9 m. The fi.fth layer which has a 
resistivity value of 37.1 ohm.m represents the fresh water bearing layer at a depth of20.9 
ohm.m, extending to the maximum depth of penetration. 
Analysis of the rainy season survey 
Appendix A (VES N2) shows five layer model in this season. Overburden with a 
resistivity of27.8 ohm.m is observed extending to a depth of2.8 m. The second layer has 
a resistivity value of 177 ohm-m at a depth of 3.2 m which can be interpreted as a 
dolomitic limestone. The third layer has resistivity value of 128 ohm-m at a depth of 9.5 m 
representing a fractured limestone. 
The fourth layer which has a resistivity value of 5.4 ohm.m shows a sediments of 
wet and clayey nature to a depth of 19 m. The fifth layer which has a resistivity value of 45 
ohm.m at a depth of 19 m, representing the fresh water bearing layer and extends to the 
maximum depth of penetration. 
VES N3 (farm no. 839) 
This VES which is located far away from the shore line to the west ofN2 at a 
distance of about 10 km. It lies at the middle of the northern profile and was measured 
twice, at the end of both the dry and the rainy seasons. 
Analysis of the dry season survey was carried out by the same previous steps leads 
to the following interpretation: 
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Analysis of the dry season survey (Summer season) 
Appendix A (VES N3 summer) shows a four layer model for this point in the dry 
season. An overburdem layer of hard limestone layer which has a resistivity value of 185 
ohm.m extends to a depth of 0.3 m. The second layer has a resistivity value of 167 ohm.m 
at a depth of 8.5 m which can be interpreted as an evaporite layer. 
The third layer from a depth of has a resistivity value of 43.1 ohm.m representing 
a layer of marly limestone extending to a depth of 29 m. The fourth layer which has a 
resistivity of 15 ohm.m indicates the presence of a relativley fresh water bearing layer at a 
depth of 29 m, extending to the maximum depth of penetration. 
Analysis of the rainy season survey 
A four layer model is also shown for this point in the rainy season, (Appendix A, 
YES N3). The resistivity of the overburdem layer decreased showing a wet limestone 
layer which has a resistivity value of 44.8 ohm.m and extends to a depth of 0.7 m. The 
underlying layer has a resistivity value of 161 ohm.m at a depth of 0.7 m which can be 
interpreted as an evaporite facies. The third layer has a resistivity value of 46 ohm.m 
representing a layer of marly limestone extending to a depth of 8 m. The fourth layer 
which has a resistivity of 18 ohm.m indicating the presence of a relatively fresh water 
bearing layer at a depth of 27m, extending to the maximum depth of penetration. 
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YES N4 (farm no. 203) 
This sounding point is located to the west along profile (N-N') at a distance of 10.5 
km from N3. This sounding was undertaken twice, at the end of both the dry and the rainy 
seasons. Each of these measurements is considered hereafter: 
Analysis of the dry season survey 
The analysis of this model (Appendix A, YES N4) gave the following results: 
An overburden layer with a resistivity of 25.2 ohm-m representing hard shale. The 
underlying layer, which has a resistivity of 14.8 ohm.m at a depth of 0.5 m, indicates a 
mixed clay and soft shale. The third layer of resistivity value 43.6 ohm.m indicates the 
presence of a marly limestone at a depth of 2.4 m. The fourth layer which has a resistivity 
value of 7.1 represents shale extending to a depth of 31 m. The fifth layer has a resistivity 
value of 20 ohm.m representing the water bearing layer at a depth of 31 m, which extends 
to the maximum depth ofpenetration. 
Analvsis of the rainy season survey 
The analysis of this model (Appendix A, YES N4) gave the following results: 
An overburden layer with a resistivity of 56.3 ohm.m representing hard shale. The 
underlying layer, which has a resistivity of 24.4 ohm.m at a depth of 0.7 m, indicates a 
mixed clay and soft shale. The third layer of resistivity value 48 ohm.m indicates the 
presence of a marly limestone at a depth of 5.3 m. The fourth layer, which has a resistivity 
value of 4.6 ohrn.m,represents shale rock type and extends to a depth of 30 m. The fifth 
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l.Ulderlying layer which has a resistivity value of 22 ohm.m representing presence of water 
bearing layer at a depth of 30m, extending to a maximum depth of penetration. 
YES N5 (farm no. 696) 
This is the last sounding point which is located to the west end along the northern 
profile (N-N') about 10 km from N4. This sounding was measured twice, at the end of 
both the dry and the rainy seasons. Each of these measurements is considered hereafter: 
Analvsis of the dry season survey 
Analysis of this season shows a five layers model (Appendix A, YES N5 ) which 
gave the following results: 
i 	 An overburden layer with a resistivity of 93 ohm.m indicating the presence of fractured 
limestone, extends to a depth of 1.1 m. The underlying layer which has a resistivity value 
of 84 ohm.m represents limestone and extend to a depth of l.lm. The third layer is a 
marly limestone with a resistivity of 69.6 ohm.m at a depth of 3.5 m. The fourth layer has 
, 	 a resistivity of 30.4 ohrn.m at a depth of 12 m indicating a marly nature. The fifth layer ,
•I has a resistivity value of 40.9 indicating a fresh water bearing layer at a depth of 35m, 
i 
f 
extending to a maximum depth of penetration. 
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Critical evaluation shows that, both water quality and level improve in the rainy 
season after a reasonable amount of water had been added to the aquifer through recharge. 
Analysis of the rainy season survey 
Appendix A (VES N5 winter) shows a five layer model for the rainy season. 
Analysis of this model gave the following results: 
An overburden layer with a resistivity of 116 ohm.m indicates the presence of 
fractured limestone which extends to a depth of 1.1 m. The underlying layer has a 
resistivity value of 100 ohm.m, represents less fractured limestone and extends to a depth 
of 3.4 m. The third layer is a fractured limestone with a resistivity value of 126 ohm.m at a 
depth of 3.4 to a depth of 9.4 m. The fourth layer has a resistivity of 25.1 ohm.m at a 
depth of 32.7 m indicating shaley limestone. The fifth layer, which has a resistivity value 
of 44.2 ohm.m indicating a fresh water bearing layer at a depth of 32.7m, and extends to 
the maximum depth of penetration. 
The critical correlation between the results obtained for both VESs (dry and rainy 
seasons), respectively reflect the following remark: 
• 	 Depth to the fresh-salt water mixed zone increases in the dry season and decreases 
in winter while resistivity values of this zone decrease in summer and increase in 
winter. This may be attributed to recharge and discharge during winter and summer 
seasons respectively. 
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It should be mentioned here that some of the dissolved salts may be formed by 
dissolution of some evaporite sources (gypsum) which are present in this area. 
Critical evaluation shows that, both water quality and depth to the water bearing layer 
decreases by the measuring phase at the rainy season where reasonable amount of water 
was added to the aquifer through recharging phenomena. 
Analysis of the Geoelectric section 
The results obtained for each model In summer and winter seasons are used for 
constructing two geoelectric sections. Fig., 5.16 shows the geoelectric section relating to 
the summer season. 
This figure reflects sea water intrusion at the extreme eastern part of the profile where 
the resistivity of the water bearing layer reaches 8.5 ohm-m. The boundary between this 
mixed zone and its western fresh water bearing layer (37 ohm.m) is defined 
approximately. Another water bearing layer (18-20 ohm-m) is observed to the west of the 
37 ohm-m layer. This layer has again different resistivity values although it lies far from 
the shore line. The probable explanation of situation may be the result of dissolution 
process of some evaporite deposits which are known to be in this area. The extreme 
eastern part of this profile is characterized by a fresh water bearing layer (41 olun.m). 
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5.6. Porosity determination using resistivity measurements 
Several petrophysical parameters were determined, according to various methods 
of quantitative interpretation (e.g. Archie's formula (1942), (Pirson, 1963) and (Davis and 
DeWiest 1966).These parameters includes, porosity (~), electrical conductivity eE.C.), 
resistivity ofrock 100% saturated with conducting brine (Ro), resistivity of this brine (Rw), 
formation factor (F). Two important properties of an aquifer that are related to the storage 
function are porosity and specific yield. Porosity determination using indirect laboratory 
techniques as electrical resistivity method are discussed as follow: 
5.6.1. Porosity determination 
It is the fraction of the total volume of a sample that is occupied by pores or voids. 
Porosities of subsurface formations can vary widely. Dense carbonates (limestones 
and dolomites) and evaporites (salt, anhydrite, gypsum, sylvite, etc.) may show practically 
zero porosity; well-consolidated sandstones may have 10 to 15% porosity; unconsolidated 
sands may have 30% or more, porosity. Shales or clays may contain over 40% water-filled 
porosity, but the individual pores are usually so small so the rock is impervious to the flow 
of fluids. According to Fetter, (1994) the porosity of earth materials is the percentage of 
the rock or soil that is void of material. It is defined mathematically by the equation: 
n= (Vy N)100 
where 
n is the porosity (percentage) 
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as they cool, so the tops of individual flows within a stack of lava flows often are vesicular 
and fragmented, further increasing the primary porosity of volcanic rocks. 
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vv is the volume of void space in a unit volume of earth material. 
V is the unit volume of earth material, including both voids and solids. 
Some pores were originally either spaces between adjacent sedimentary particles, or 
vesicles-small cavities-that formed in igneous rocks as gases escaped from the cooling 
melts. In sediments that were compacted and cemented into sedimentary rock, the 
precipitation of minerals (the cement) into the pore spaces reduced the original porosity of 
the deposit. This type of porosity is called primary porosity because it developed at the 
same time the rock itself was formed. Secondary porosity develops after the rock is 
formed. Fractures, caused by tectonism, uplift, and erosion, contribute to secondary 
porosity. 
In general primary porosity is highest in sediments and sedimentary rocks and 
lowest in unweathered crystalline igneous and metamorphic rocks. Primary porosity is 
higher in volcanic rocks than in plutonic rocks. Some volcanic rocks contain lava tubes, 
which form when molten material continues to flow beneath cooled, hard crusts during 
volcanic eruptions. In addition, gases escape and cracks occur in extrusive igneous rocks 
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In metamorphosed rocks, most pore spaces either were squeezed shut by the 
immense pressures to which the rocks were subjected or filled with crystals that 
precipitated from hot fluids deep in the lithosphere. Because porosity generally decreases 
with depth, most groundwater occurs within several kilometers of the surface, although 
large water-filled fissures have been found at the bottom of the deepest drill hole on the 
Earth. 
The size of individual primary pore spaces in a given volume of sediment 
does not affect the amount of water it can store because the total volume of pore spaces is 
the same regardless of the size of the pores. 
In fact, all closely packed sediments, regardless of their actual size, that are well 
rounded and well sorted (similar in size) have a porosity of about 26 percent. 
The amount of groundwater that can be drained from a porous rock or sediment is 
called the specific yield, which is expressed as the ratio of water drained to total volume of 
water within the rock or sediment. Specific yield always is less than the porosity. Because 
of surface tension, it is not possible to extract all the water from an underground reservoir. 
The ratio of the amount of groundwater retained by surface tension to that total volume of 
water is called specific retention. 
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Table 5.8 Typical values of Porosity and Specific Yield for Common Geologic 
Materials (After Merritts, 1998) 
Material Porosity Specific yield 
Sedimentary 
Gravel, coarse 24-36 23 
Gravel, fine 25-38 25 
Sand, coarse 31-46 27 
Sand, fine 26-53 23 
Silt 34-61 8 
Clay 34-60 3 
Sedimentary rocks 
Sandstone 5-30 21-27 
Siltstone 21-41 15-25 
Limestone 0-50 5-45 
Shale 0-10 0-3 
Crystalline rocks 
Fractured schist 30-38 26 
Fractured crystalline rocks 0-10 5 
Dense crystalline rocks 0-5 0.1 
Basalt 3-35 8 
Weathered granite 34-57 40-45 
Weathered gabbro 42-45 35-40 
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Where m is the cementation factor or exponent. The cementation exponent and the 
constant (a) are detemlined empirically. 
Over the years, experience has generated general acceptance of the following 
formation factor-porosity relationship (dependent on lithology and pore structure): 
F = O.62/<jl2.15 For sands, and 

F or compacted formations 

Another relationship is popularly referred to as the Humble formula is sometimes 
simplified to 
F = O.81/<p2 
Within their normal range of application, these two ways expressing the Humble formula 
yield quite similar results. 
, 
While the Humble formula is satisfactory for sucrosic rocks, better results are 
obtained using F = 1I<p2 in chalky rocks and F = 1/<p2.2 to 1/<jl2.s in compact or oolicastic 
!I, rocks 
,•
; 
f ,'~ 
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The Humble and Archie formulas for several values of (m) are presented 
graphically on Chart Por-l Fig. (3.11), The equation used for the calculation takes the 
form: 
where: 
(Schlumberger, 1989)m = 1.87 + (O.019/<?) 
5.6.1.1.1. 	Laboratory technique for porosity determination 
Seven samples representing the different water bearing rocks of the study area, 
which belong to the Rus Formation and formed of limestone, chalky limestone, marly 
limestone and fractured limestone, are used to determine porosity values, at seven 
localities along the two studied profiles. A resistivity Test Unit (Model CEF) was used to 
carry out the experiments. 
5.6.1.2 Interpretation of porosity values 
Table (5.9) shows the measured and calculated petrophysical parameters, using the 
chart given in Fig. (5.21). 
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Table 5.9 The different petrophysical parameters calculated for different farms. 

No. Farm No. E.C. Rw Ro F Average 

(/lmhos) Ohm.m Ohm.m 4> 

1 S3 10000 1 214 214 08.0% 

2 S4 5000 2.5 238 95.2 11.5% 

3 S5 1500 6.7 1168 174 08.5% 

4 Nl 7500 1.33 119 89 11.0% 

5 N3 2000 5 3503 700 05.6% 

6 N4 3200 3.33 689 220 07.8% 

7 N5 1500 6.7 289 43 16.0% 

Chart Por-l is used for obtaining the ~ values. 
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6 	 HYDROCHEMISTRY AND 
HYDROGEOCHEMICAL MODELING 
6a 	 HYDROCHEMISTRY 
6.1 	 General outlines 
The chemical properties of water are as important as the physical properties and 
determine its usefulness for industry, agriculture, or the home. The study of water 
chemistry also gives important indications of the geologic history of the enclosing rocks, 
the velocity and direction of water movement (Fetter, 1994). 
One of the main objectives of the present investigation is to study the water 
chemistry and relate this to the prevailing hydrogeochemical, hydrogeological and 
environmental conditions of the study area. 
The correlation and integration between the hydrogeochemical, geophysical, 
hydrogeological and meteorological data will be of great importance to give a clear 
understanding of the saltwater intrusion problem in the study area. 
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The effect of this phenomena on the fresh groundwater aquifers can be determined 
by studying hydrogeochemical characteristics of the groundwater at the different coastal 
areas. 
Eighteen groundwater samples were collected periodically during May, June, July 
and August 1997 (Summer season) and February, March and April 1998 (Winter season) 
from different water wells of the study area. The chemical analyses of the collected water 
samples were carried out according to the methods adopted by the public Health 
Association (1955) and the U.S.G.S. (Rainwater and Thatcher, 1960) and the results of the 
analyses are given in Tables (6.1,6.2,6.3 and 6.4) Appendix B. 
The analyses include the determination of the following parameters: 
pH value. 
Electrical Conductivity (E.C). 
Concentration of the major cations K+, Na+, Mg+ and Ca++. 
Concentration of the major anions cr, S04-2, HC03- and C03-2 . 
The units used for expressing the obtained analytical data are in milligrams per 
litre (mg/l), milliequivalents per litre Cmeq/l). 
6.2 Hydrochemistry of the aquifer materials 
Many factors affects the ground water chemistry contained within the aquifers 
underlying Qatar, among these are (FAO, 1981): 
1) The chemical composition of the recharge water. 
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2) The soluble minerals contained in the soil and rock and their spatial variation. 

3) The structure, transmissivity and permeability of the aquifers. 

4) The degree of contamination by mixing with either more saline groundwater 

or seawater. 
5) Solution and precipitation reactions occurring under differential concentration and 
the temperature and pressure gradients within the aquifer. 
6) Pollution by agriculture. 
If the processes and factors affecting the composition of the water are understood, 
a study of the groundwater chemistry provides a valuable aid to the understanding of the 
whole groundwater system. For this reason a consideration of the hydrochemistry precedes 
that dealing with the hydrogeology. 
Water chemistry can be explained by one or more combinations of three of the 
most significant natural chemical reactions and one physical process that affect ground­
water quality, as follows: 
• Dissolution-precipitation (exosolution) reactions. 
• Oxidation-reduction (redox) reactions. 
• Ion-exchange processes. 
• Mixing of ground waters. 
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In the northern part of the Qatar Peninsula, the usable groundwater resources are 
derived from rainfall which has established a body of meteoric water within the Rus and 
Urn Er Radhuma aquifers, the extent of which is defined both laterally and vertically by 
saline groundwaters. Due to a hydraulic continuity between the thinner carbonate facies of 
the Rus Formation which overlies the Umm Er Radhuma Formation in the northern part of 
the country, they form one aquifer system. Where the thicker gypsiferous, argillaceus 
facies of the Rus Formation predominates, over the greater part of Qatar except the 
Dukhan structure, vertical hydraulic continuity is confined to relatively small discrete 
depression areas caused by dissolution of gypsum from the Rus Formation and consequent 
collapse, and horizontal continuity is minimal. 
Within the Umm Er Radhuma Formation, which is in excess of 300 m thick, 
lithological variations and selective karstification have given rise to a multi-layerd aquifer 
system else where but it is only the uniform upper part of the fonnation which is of hydro-
geological significance in Qatar. 
The saline waters which bound the meteoric water body are in part of modem sea 
water origin, but higher salinities are also due to dissolution processes within the Rus 
Formation. In the Umm er Radhuma Formation ancient saline waters are also present 
particularly at depth. 
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6.2.1 The principal aquifer systems 
Chapter 6, Hydrochemistry 
In the Peninsula of Qatar the aquifer systems can be defined as follows: 
6.2.1.1 The Rus Aquifer 
The Rus F ormation consists of chalky and marly limestone, with thick anhydrite 
and gypsum in the south, with low transmissivity and storage, low yield from boreholes 
except in the depressions. EC 500-400 in recharge area, up to 10,000 elsewhere. The 
aquifer is from 15 to 120 m thick, generally 30-50 m in the recharge area. 
6.2.1.2 The Umm Er Radhuma Aquifer 
The water bearing layers of the Upper Umm er Radhuma Formation are mainly 
dolomitic, limestone, porous, fractured and karst weathered with high transmissivity and 
storage, good yield from boreholes, EC 100-400 in freshwater body. It is 300 m thick, but 
maximum of 70 m containing freshwater at center ofthe body. 
6.2.2 Analysis procedures 
The method of analysis for major ion chemistry Table (6.5) has been performed by 
the Laboratory of the Geology Department and the Central Laboratory of the Faculty of 
Science at the University of Qatar using the following methods of analysis and 
equipment,. 
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Table 6.5 Method of analysis of Hydrogeochemical parameters 
Parameters Method of Analysis 
and equipment used 
PH pH meter 
Electrical Conductivity Water Quality Instrument - YSI Model 33, S-C-T Meter 
Sodium flame photometer 
Potassium flame photometer 
Calcium Atomic absorption spectrophotometer 
Magnesium Atomic absorption spectrophotometer 
Sulphate Chemical Titration with BaCh, HCI 
Bicarbonate Chemical Titration with HCI 
Chloride Chemical Titration with AgNo3 I, 
6.2.3 	 General principles 
Groundwater chemistry can be evaluated by several chemical laws and principles, 
assuming that groundwater is in equilibrium with aquifer matrix at the time it is drawn 
into the well and collected for analysis. The equilibrium is in fact disturbed during the 
sampling process and disequilibrium particularly affects the values determined for the 
more unstable chemical parameters particularly those affecting the carbonate stability. 
However, it must be assumed that the analytical results for the more stable parameters will 
represent their equilibrium values in the aquifer. 
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6.3 Important properties of water 
6.3.1 Specific Electrical Conductance 
The electrical conductance of a substance is defined as its ability to conduct an 
electrical current. Current flows in ionized or mineralized water because the ions are 
electrically charged and move toward a current source that will neutralize them. For 
example sodium chloride (NaCl) dissolves in water, the sodium (Na+) ions become 
positively charged and the chloride (Cn ions become negatively charged. If current is 
introduced into the liquid by two electrodes, the sodium ions will move toward the 
negatively charged electrode, whereas the chloride ions move toward the positively 
charged electrode. Anions (negative charge) move toward the positive electrode (anode), 
whereas cations (positive charge) are attracted to the negative electrode (cathode). 
Specific electrical conductance is defined as the conductance of a cubic centimetre 
of any substance compared with the conductance of the same volume of water. Chemically 
pure water has a very low electrical conductance, indicating that it is a good insulator. 
Only a minute amount of dissolved mineral matter, however, will increase the 
conductance of the water. 
The units of measurement for conductance are the inverse of ohms, the unit 
commonly used to express resistance. The conductivity units are written as mhos. 
However, the specific conductance from solutions of different minerals is not the same. 
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6.3.2 	 Hydrogen Ion Concentration (pH) 
The hydrogen ion concentration (PH) or the activity of the free, uncomplexed 
hydrogen ion for a solution is measured and not the total hydrogen concentration. Because 
of the reactivity of the hydrogen ion, its activity (or effective concentration) in 
groundwater is an especially important parameter. 
Table (6.6) presents conductance values for two solutions ofNaCI, and Ca(HC03)2. 
Table 6.6 Conductivity of Two Salt Solutions 
Concentration of Specific at Conductance 
77 °F(2So C), Micromhos 
Dissolved Salt in mgll NaCI Ca(HC03h 
50 	 93 62 
100 	 187 125 
200 	 370 250 
400 	 750 500 
4 
,I The hydrogen ion activity is a critical variable of the groundwater system because 
hydrogen ion participates in most of the chemical reactions that affect water composition. 
I For example: 
.i.·.~•.·.··..•.· Mineral dissolution/precipitation: 
I 
I 
.~ 
-I 

1 

CaC03 + H+= Ca 2+ + HC03­
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Aqueous complexation: 
Adsorption! desorption: FeOH + Cu + = FeOCu + H+ 
The activity of hydrogen is measured as the pH of the water, which is defined as 
follows: 
where a+H is the activity of the hydrogen ion (moleslkg). 
The measured pH of a system does not by itself provide any information on the 
capacity of the system to maintain (buffer) that pH as an acid or base is added to the 
system. 
Although water molecule are quite stable chemically, they still tend to break down 
or dissociate into their component parts, H+ (hydrogen) ions and OH- (hydroxyl) ions: 
Water is said to be acidic or alkaline (basic), depending on the relative 
concentration of hydrogen ions. Hydrogen ions in water cause it to act as an acid. The 
capability of water to neutralize acid, that is, reduce the number of hydrogen ions in 
solution, is called alkalinity. 
The acidity-alkalinity characteristics of water are basic to understanding of water 
chemistry. 
The hydrogen ion concentration of water is expressed as pH. The pH is equal to the 
logarithm of the inverse of the hydrogen ion concentration, or: 
1pH=- Log H+ 
This particular equation is used because the actual number of ions is very small. 
The pH range is from 0 to 14, with a pH value of 7 at 770 F (25 0 C) indicating a neutral 
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solution in which H+ and OH- ions have the same concentration. A pH less than 7 
indicates an acid solution, whereas a pH greater than 7 indicate an alkaline solution, for 
example pH for sea water is found to be 8.3 where as for drinking water is 6.5-8. 
Because the chemistry of groundwater is sensitive to environmental changes, pH 
should be determined while still in the field using portable meters. 
6.3.3 Total Dissolved Solids (TDS) 
The total concentration of dissolved minerals in water is a general indication of its 
suitability for any particular use. Total dissolved solids (TDS) may be determined from the 
weight of dry residue remaining after a sample of water has evaporated. It may also be 
~ calculated by adding the concentrations of all ions in the water. 
• Categories of general water use include domestic and municipal water supplies, 
irrigation water, and industrial water used in manufacturing, mining, and power 
generation. Water that contains less than 500 mg/l of dissolved solids is generally 
satisfactory for domestic use and many industrial purposes. Water with more than 1,000 
mg/l of dissolved solids usually contains minerals that give it a distinctive taste of make it 
unsuitable in other ways. Water high in dissolved solids should be viewed as potentially 
corrosive to well screens and other parts of well structures, regardless of other chemical 
characteristics of the water. 
Table (6.7) represents a groundwater classification system based on total dissolved 
solids. 
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Table 6.7 TDS of different water types 
(After Carpenter, 1978) 
Category Total Dissolved Solids 
(mg/l) 
Fresh water 0- 1,000 
. Brackish water 1,000 - 10,000 
Saline water 10,000 -100,000 
Brine water More than 100,000 
Some of the particular substances below are found naturally in groundwater in 
concentration high enough to cause problems in operating wells: 
6.3.4 	 Calcium (Ca +2) 
In as much as calcium is both abundant in the earth's crust and extremely 
mobile in the hydrosphere, it is one of the most common ions in subsurface water. It is one 
of the alkaline earth metals (Hem, 1970). In sandstone and other detrial rock, calcium 
carbonate may be present as a cement between particles or a partial filling of the interstices 
(Hem 1970). Calcium is found in precipitates, especially carbonate rocks. Groundwater in 
contact with sedimentary rocks of marine origin derives most of their calcium from the 
solution of calcite, aragonite, dolomite, anhydrite and gypsum. 
The presence of sodium and potassium salts in water increase the solubility of 
calcium carbonate (Garg 1978). High concentration of calcium and sulphate in water 
suggest the possibility of solution of gypsum or anhydrite, and low concentrations of 
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calcium compared to sodium may indicate the absence of readily soluble calcium minerals 
or the action of base exchange for sodium (Davis and DeWiest 1966). 
Calcium carbonate is easily soluble in water provided that there is an abundant 
supply ofH+. The dissociation of carbonic acid, H2C03, is one of the most important 
sources ofW. The series of equations expressing the various reactions is as follows: 
Ca + + HC03­
If abundant carbon dioxide is present, the dissociation will proceed only as far as 
the bicarbonate stage. If the pH is increased, however, then the ratio carbonate (C02--) to 
Bicarbonate (HC03-) ions increases and calcium carbonate may be precipitated. 
Sea water contains about five times as much magnesium as calcium, therefore if 
the brines are derived from sea water, a mechanism for removal of magnesium must 
operate. Most magnesium salts are more soluble than corresponding calcium salts. For this 
reason, processes of exchange and sorption have been postulated as mechanisms of 
concentration rather than precipitation of insoluble minerals. The diagenetic change from 
calcite to dolomite in marine sediments is one possible method of extracting magnesium 
ions from marine brines. 
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6.3.5 Sodium (Na +) 
Sodium, unlike calcium, magnesium, and silica, is not found as an essential 
constituent of many of the common rock-forming minerals. The primary source of most 
sodium in natural water is from the release of soluble products during the weathering of 
plagioclase feldspars. In areas of evaporite deposits, the solution of halite is also 
important. Clay minerals may, under certain conditions, release large quantities of 
exchangeable sodium. 
Sodium is generally present in fresh water as Na + ions; in concentrated solutions, 
however, complex ions and sodium ion pairs, such as NaC03, NaHC03 (aq), and NaS04, 
are present. The solubility of sodium salts is high. A pure solution of sodium hydrogen 
carbonate (NaHC03) can contain 15,000 mg Na+!L at room temperature. Occasionally the 
solubility limit of sodium salts is even exceeded, particularly in inland drainage basins, 
where it leads to precipitation of sodium salts, such as sodium carbonate, sodium sulphate 
and sodium nitrate (Langbein 1959) and (Toth 1966). 
6.3.6 Potassium (K+) 
Common sources of potassium are the products formed by the weathering of 
orthoclase, microcline, biotite, leucite, and nepheline in igneous and metamorphic rocks. 
Waters percolating through evaporite deposits may contain very large quantities derived 
from the dissolution of sylvite and niter. 
Potassium is the most abundant element in all the sedimentary rocks (Davis and 
DeWiest 1966), (Hem, 1970), (Mandel 1981), and (Bouwer 1978). Although the 
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abundance of potassium in the earth's crust is about the same as sodium, potassium is 
commonly less than one tenth the concentration of sodium in natural water. 
In sediments, the potassium is commonly present in unaltered feldspar or mica 
particles or in illite or other clay minerals (Hem, 1970). 
All natural waters contain measurable amount of potassium. Some snow and 
rainwater may contain as little as 0.1 mg!l and some brines as much as 100,000 mgll 
(Davis and DeWiest, (1966). 
6.3.7 	Magnesium (Mg+2) 
Sedimentary sources of magnesium include carbonate such as magnesite and 
hydromagnesite,the hydroxide brucite, and dolomite (Hem, 1970). 
The solubility of magnesium is about ten times that of calcium; therefore, 
magnesium has a strong tendency to remain dissolved than calcium (Davis and De Wiest, 
1966) and (Garg, 1978). 
The solubility of magnesium carbonate is also controlled by the presence of CO2. It 
increases by the presence of C02 due to the formation of magnesium bicarbonate which is 
more soluble (Hem, 1970) and (Matthess 1982). 
In spite of the higher solubility of most of its compounds, the magnesium content 
in fresh water is generally below that of calcium. This may due to the slow dissolution of 
dolomite and lower geochemical abundance of magnesium together with the greater 
abundance of calcium in the earth's crust Hem, (1970) and Matthess, (1982). 
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Concentration of magnesium in groundwater varies from about nil to as much as 
50 mg!l in waters from magnesian dolomitic limestones. Most commonly, clays will 
exchange sodium ,if available, for both magnesium and calcium ions Hem, (1970). 
6.3.8 Carbonate and Bicarbonate (HC03-) 
Carbonate minerals such as calcite and dolomite are only sparingly soluble in pure 
water but form compounds in water containing carbon dioxide. 
The dissociation ofbicarbonate to carbonate ions is effective largely above pH of 
8.2. Below this pH most of the carbonate ions add hydrogen to become bicarbonate ions 
2(i.e. if + C03- HC03), and the ratio of bicarbonate to carbonate ions increases to more 
than 100 to 1. Below pH of 4.5 most of the bicarbonate ions are converted to carbonic acid 
molecules (H+ + HC03- H2C03). 
Most carbonate and bicarbonate ions in groundwater are derived from the carbon 
dioxide Davis and DeWiest, (1966); Hem (1970); and Matthess, (1982). Sodium 
bicarbonate water can be concentrated by evaporation in soils and desert basins, but if 
much calcium is present the bicarbonate will be taken out of the water through 
precipitation of calcium carbonate Davis and De Wiest, (1966). 
The bicarbonate concentration in rainwater commonly is below 10 mg/I and 
sometimes less than 1.0 mg/I. Most surface streams contain less than 200 mg/l, but in 
groundwaters somewhat higher concentration are not uncommon. Groundwater generally 
contains more than 10 mg/l but less than 800 mg/l bicarbonate concentrations between 50 
and 400 mg/I are most common. Concentrations of carbonate ions are generally below 10 
mgll (Davis and De Wiest, 1966) and (Hem, 1970). 
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6.3.9 Sulphate (S04-2) 
Sulfur is not major constituent of the earth's crust, but is widely distributed in 
reduced form both in igneous and sedimentary rocks as metallic sulfides (Davis and 
DeWiest 1966), and (Hem 1970). 
Sulphate in groundwater is derived principally from the evaporite minerals gypsum 
(hydrous calcium sulphate, CaS04.2H20) and anhydrite (calcium sulphate, CaS04); it may 
also come from the oxidation of pyrite, which is an iron sulfide mineral. Groundwater in 
igneous or metamorphic rocks generally contains less than 100 mg/l sulfate (Davis and 
DeWiest, 1966). 
Groundwater may have much higher sulphate content near evaporite deposits in 
sedimentary rocks. These deposits may include halite (sodium chloride. NaCl) and other 
chloride salts. In addition. groundwater may contain other minerals from evaporite 
deposits. For example, magnesium sulphate (Epsom salt, MgS04.7H20 ) and sodium 
sulphate (Mirabilite) (Glauber's salt, Na2S04.10H20) impart a bitter test to water if 
present in sufficient quantities. For people not accustomed to drinking high-sulphate water 
these salts may act as a laxative. 
6.3.10. Chloride (en 
Chloride occurs as the predominant negatively charged ion in seawater; the average 
concentration is about 19,000 mg/I. 
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Chloride is a mmor constituent of the earth's crust, but a major dissolved 
constituent of most natural water. Sodalite and apatite are the only common minerals in 
igneous and metamorphic rocks which contain chloride as an essential constituent"
, 
although micas, hornblende, and natural glass may also contain significant amounts. 
Liquids inclusions in rocks and minerals are another source of chloride from igneous 
rocks. 
The chloride in evaporite deposits and in ocean water at present may be as much as 
100 times the amount chloride which could be expected on the basis of the volume of 
rocks which must have been weathered to produce the amount of sodium present. 
Most chloride in ground water comes from four different sources, First, chloride 
from ancient sea water (Table 6.8) entrapped in sediments; second solution of halite and 
related minerals in evaporite deposits; third, concentration by evaporation, of chlOl;ide 
contributed by rain or snow; and fourth, solution of dry fallout from atmosphere, 
particularly in arid regions. Quantitatively speaking, the most important source of chloride 
in near-surface water appears to be chloride transported in the atmosphere and carried to 
earth by rain or snow. 
Chloride concentration found in natural water vary between about 0.1 ppm in arctic 
snow to 150,000 ppm in brines. Continental rain and snow may contain from 1.0 to 3.0 
ppm, but probably average less than 1.0 ppm. Shallow ground water in regions of heavy 
precipitation generally contains less than 30 ppm of chloride. Concentration of 1000 ppm 
or more are common in ground water from arid regions. 
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Table 6.8: Major dissolved Chemical Species in Seawater 
(After Driscoll, 1989) 
Constituent 
Chloride (Cn 
Sodium (Na+) 
Sulphate (S04-2) 
Magnesium (Mg +2) 
Calcium (Ca+2) 
Potassium (K+) 
Bicarbonate (HC03-) 
Bromide (B{) 
Carbonate (COT2) 
Strontium (Sr+2) 
Silica (Si02) 
Boron (B) 
Fluoride (F) 
Aluminum (AI+3) 
Mg/l 

19,000 

10,500 

2,650 

1,300 

400 

380 

140 

65 

18 

8 

6 

4.5 

1.3 

.001 

Table (6.9) shows the composition of two rock groups and two water types of 
water (parts per million), which is considered as a comparison between the composition of 
igneous rocks as the primary components of the earth's crust and sedimentary carbonate 
rocks with sea water and groundwater to give a general indication of the mobility of the 
common elements in the hydrosphere. 
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Table 6.9 Composition of two rock groups and two water types of 
water (parts per million) (After Davies and DeWiest, 1990) 
Element Igneous Sedimentary Sea water Potable 
Rocks Carbonate groundwater 
Si 277,000 24,000 1 8 
Al 81,000 4,200 0.01 0.04 
Fe 50,000 3,800 0.01 0.07 
Ca 36,300 302,000 400 45 
Na 26,000 400 10,500 35 
K 26,000 2,700 380 2.5 
Mg 21,000 47,000 1350 11 
Ti 4,400 400 0.001 0.001 
P 1,200 400 0.07 0.03 
Mn 1,000 1,100 0.002 0.02 
F 600 330 1.3 0.2 
S 400 1,200 885 14 
C 320 115,000 28 40 
Cl 200 150 19,000 16 
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6.4 	 Graphical representation of water quality data 
The compilation and presentation of chemical data in a convenient mrumer for 
visual inspection is an important task in groundwater investigations. 
Several methods are being used for the presentation of water chemistry (Hem 
1989), which can be discussed as follow: 
6.4.1 	 Piper's trilinear diagram: 
The Piper or trilinear diagram which was developed by _Piper (1944) is the most 
useful summary presentation being used for the graphical display of the composition of the 
dominant ions in major ion chemistry in the groundwater flow systems. On the Piper 
diagram the relative concentrations of the major ions in percent Meq/L are plotted on 
cation and anion triangles, and then the locations are projected to a point on a quadrilateral 
representing both cation and anions. This diagram has greater potential to accommodate a 
larger number of analyses without becoming confusing and is convenient for showing the 
effects of mixing two waters from different sources. 
Fig. (6.la) shows the basic diagrams used to plot water analyses using the trilinear 
method; also the fields for different water types are shown. (Fig. 6.2,6.3,6.4 and 6.5) 
shows graphical representation for groundwater samples of the study area. 
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6.4.2 Semi-logarithmic plotting method (Schoeller's diagram) 
The semi-logarithmic method proposed by Schoeller (1962) can be used to provide 
quick visual comparison of different chemical analyses, so it is used to present the cations 
and anions compositions of many samples which shows the total concentrations of the 
cations and anions and it has been used to directly determine the saturation indices of 
groundwaters with respect to minerals such as calcite and gypsum (Schoeller, 1962 and 
Brown et aI., 1972). 
Schoeller's diagram was used in this study for the purpose of the general 
comparison between different water sanlples and those of standard rainwater and seawater. 
This graph permits the cations and anions composition of many samples to be presented 
on a single diagram, where major trends can be easily discerned. Fig (6, 7,8, and 9) shows 
the semi-logarithmic graphs for groundwater samples collected periodically from the 
different study points. It is clear that groundwater samples have intemlediate position 
between rain water and seawater. Fig. 6.10 shows the author and some of his supervisors 
during the field survey. 
6.5 Groundwater types and hydrochemical facies 
The major ion composition of groundwater is used to classify groundwater into 
various types based on the dominant cations and anions. The groundwater would be 
a Ca-HC03 type, if calcium and bicarbonate are the dominant cation and anion. 
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Hydrochemical facies was developed by Back (1961), (Morgan, Winner, 1962 and 
Seaber, 1962) in order to refer in a convenient manner to water compositions by 
identifiable groups or categories. Hydrochemical facies are distinct zones that have cation 
and anion concentrations describable within defined composition categories 
Hydrochemical facies is used to describe the bodies of groundwater, in an aquifer, 
that differ in their chemical composition. The facies are a function of lithology, solution 
kinetics, and flow patterns of aquifer (Back, 1966). Hydrochemical facies can be classified 
on the basis of the dominant ions in the facies by means of the trilinear diagram (Fig. 
6.1b). 
6.5.1. Geochemical evaluation 
Back-Hanshaw (1979) prepared a geochemical evaluation system in carbonate 
aquifers. This system stated that when carbonate sediments first emerge from the marine 
environment, they may undergo flushing of ocean water by fresh water. 
During this process, some of the most profound mineralogic and petrologic 
reaction paths are shown in Fig.(6.1b) under the heading ~ D, D----.- M and B 
andR4 M,B. 
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Figure 6.1a Graphical representation of data - trilinear diagrams (After Deutsch, 1997). 
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Figure 6.th Reaction paths showing evolution of groundwater chemistry in carbonate 
aquifers (After Back and Hanshaw, 1979). 
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Concisely, the dissolved solids contents decreases, major Ions change from 
predominantly Na+ - cr Mg+2S04-2, to Ca+2 RC03- and sediments are recrystallized, 
selectively dissolved cemented and perhaps dolomitized_ 
In recharge areas R groundwater is typically of the Ca-HC03 type_ During it is 
movement downgradient R-..D, Mg2+ increases owing to dissolution of dolomite, while 
Ca2+ remains relatively constant, soi- increases as gypsum is dissolved and HC03­
remains relatively constant. 
Another pathway is also possible from R; this involves marine-water intrusion into 
the coastal aquifer where recharge occurs close to the coast, which is shown as R~M_ 
In this case conservative mixing is the dominant chemical process although 
selected dissolution may occur in the zone of diffusion. 
In the recharge area, the high concentration of CO2 and the low content of 
dissolved solids cause dissolution of calcite, dolomite and gypsum. In situation where 
accumulation of evaporite minerals occur as the concentrations of ions increase and their 
ratios change downgradient, groundwater becomes saturated with respect to calcite which 
may then begin to precipitate. As extensive accumulations of evaporite minerals occur, 
their dissolution results in highly saline water (pathway D ~ B). Another common 
pathway (D -..M) is caused by subsurface mixing of ocean water that has encroached into 
the deeper parts of coastal aquifers, dolomitization may occur under these condition. 
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According to Back and Hanshaw's system (1979) the evolution and changes of 
groundwater chemistry at the study area particularly of the northern profile which is 
mainly due to seawater intrusion, which follow the pathways: 
J\1---+. R, (Fig., 6.1 b), R--" D due to the dissolution of gypsum where Na+ , cr, HC03­
and sol- are the dominant ions in the area. 
Regarding the southern profile, where the water samples contains higher values of 
Na+ , cr, HC03-and sol- than the northern profile, due to rainfall in the northern part are 
being more than the southern part of the peninsula and also to the existence of the 
depositional sulphate facies in the southern part, while the depositional carbonate facies 
dominates in the northern part of the country therefore the salt water intrusion phenomena 
is clear in the southern profile, so the evolutionary sequence of the southern profile 
obviously follow the pathway: 
R---.M comparing to the northern profile, which also follow the pathway: R ---"M, 
showing a recharge from rain fall during the winter season. 
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Figure 6.2 Piper's trilinear diagram for the groundwater samples of the northern 
profile during the SlUllTller season. 
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Piper's trilinear diagram for the groundwater samples of the northern Figure 6.3 
profile during the winter season. 
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Figure 6.4 Piper's trilinear diagram for the groundwater samples of the southern 
profile during the summer season. 
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Figure 6.5 Piper's trilinear diagram for the groundwater samples of the southern 
profile during the winter season. 
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Figure 6.10 shows the author and some of his supervisors during the field survey. 
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6b HYDROGEOCHEMICAL MODELLING 
6.6. 	 Minerals equilibrium and solubility of aquifer environment 
6.6.1 	 General outlines 
A mineral in contact with groundwater represents a geochemical system consists 
of two phases (solid and liquids). Equilibrium stage is reached only when dissolution and 
precipitation of the solid are in balance, and solution concentration of the mineral 
components are fixed at the equilibrium values. 
The concentration of the components of any mineral can be used to calculate 
whether the solution is in equilibrium with that mineral. This is done by comparing the ion 
activity product (lAP) of the mineral with the equilibrium constant of the minerals. 
The ion activity product (lAP) for any mineral is equivalent to the representation 
of the equilibrium constant for the reaction in term of activities of the reactants and 
products. The following equation is used for the calculation of the ion activity products of 
several common minerals: 
(1) 

a : is in mole/Kg. 
and to do this the following steps are considered: 
The actual solution concentration of the components of any mineral is determined. 
The ion activity product is calculated using equation (1). 
By comparing the ion activity product (lAP) of the mineral with the equilibrium 
constant of the mineral, then if the lAP is equal to the equilibrium constant, then the 
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solution has the correct concentrations of the components of the mineral to be in 
equilibrium with the mineral 
If the (lAP) for a mineral is less than its equilibrium constant (Kmineral), then the 
solution is undersaturated with respect to the mineral, and when the (lAP) is greater than 
(KmineraD then solution is oversaturated with the components of the mineral. 
Another meaningful parameter called "mineral saturation index" (SI) IS a 
convenient parameter of representing the equilibrium condition of a solution with respect 
to a mineral. 
SI =10glO IAPlKmineral 
If: 
S1 = 0 :the mineral is in equilibrium with the solution. 

S1 < 0 :the mineral is undersaturated 

(i.e. the mineral cannot precipitate from solution) 

S1> 0 :the mineral is oversaturated 

(i.e. the mineral is not reactive but may precipitate from solution) 
Pressure of reactive minerals in the groundwater system and its reactivity can be 
predicted by mineral equilibrium calculations. 
If a groundwater sample is analyzed and the saturation index calculates to be zero 
for one of the reactive mineral, then it is likely that the mineral occurs in the aquifer 
environment and is affecting solution composition. A range of values for (SI) near zero is 
generally considered to be within the equilibrium zone for a mineral. 
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By using the saturation index approach it is possible to predict the reactive 
mineralogy of the subsurface from the groundwater chemistry data without collecting 
samples of the solid phase and analyzing the mineralogy. Interpretation of the less than 
zero value of (SI) may be either, the absence of the mineral if it is reactive, or if it is 
present, then it is not active. An example for that is calcite. 
When it is known that calcite is reactive mineral, if (SI) for calcite in groundwater 
sample shows the water to be undersaturated with calcite, and assuming the analytical data 
to be correct, then it can be concluded that calcite is not present in the aquifer in contact 
with the groundwater. Equilibrium of groundwater with a mineral is the primary criterion 
for detecting whether or not "mineral is reactive in the aquifer environment". 
Table (6.1 0) shows the dissociation reactions, ion activity products, equilibrium 
constants and solubilities of some common minerals and rocks that dissolve congruently in 
water at 25° C and 1 bar total pressure. 
Geochemistry plays an important role in groundwater studies, for the following 
reasons: 
a) Characterizing the natural system. 
b) Designing remediation program. 
When developing a conceptual model it is assumed that, the subsurface IS a 
dynamic system consisting of the following: 
1) Solid phase (minerals, amorphous, [noncrystalline] solids, and organic matter. 
2) Soil gas phase. 
3) An aqueous solution phase (water with its dissolved constituents). 
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Equilibrium 	 Solubility at pH 7MinerallRock Dissociation reaction 	 Ion Activity Product 
constant 	 (Mgli or glro3) (lAP)Keq 
CaC03=CaL++co/- 10-ISA 	 a aCalcite 	 12 ( Ca+2)( CO}-2) 
CaMg(C03)2=Cal.++Mg2++2C03L- 10-17.0 a a aDolomite 	 0.001 ( Ca+2) ( Mg+2) ( C03-2l 
n 
NaCl=Na+ + cr 10+1.6 	 a aHalite 	 360 .g ::r 
~( Na+)( Cr) (j) 
.... 
N CaS04.2H20 =CaL++S04L-+2H2O 10-4.~ a aGypsum 	 30 .0\ 
......... 	 ( Ca+2)( S04-2) 
 ~ 
-+:>. 
Na2S04.lOH20=2Na++S04.!-+lOH2O 10-1.6 	 a a n oMirabilite 	 280,000 
E;-­
( Na+)( S04-2) 	 ::r (j) 
§. 
i Sylvite KCl=K+ + Cl-	 10+u,y 264,000 a a '" ( K+)( Cr) 	 ~ 
I 
Table 6.10 	 shows the dissociation reactions, ion activity products, equilibrium 

constants and solubilities of some common minerals and rocks that dissolve 

congruently in water at 25° C and 1 bar total pressure. 
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A system is simply an assemblage of these solids, gas, and solution phases under 
site-specific temperature and pressure conditions. 
Models of a real hydrogeologic system are developed to be used for two aims: 
1) to understand the present behaviour of a flow system. 
2) to predict the expected behaviour of a flow system in the future. 
Due to the rainfall during the rainy season, fresh recharge water with few dissolved 
constituents and low concentrations contacts the subsurface material and interacts with the 
other phases of the natural hydrogeochemical system. 
In fact, the composition of the recharge water is not in equilibrium with the solid 
phases or the gases, so chemical reactions occur in the system as a result of 
disequilibrium, dissolving gases and minerals into the water and changing the solution 
composition. 
As a result of these reactions, new minerals may precipitate from water as the 
solution composition becomes saturated with the constituents of secondary minerals. 
These secondary minerals are weathering products of the dissolution of the primary 
minerals. It is very important to convert typical laboratory concentration units of 
milligrams per liter or parts per million to a scale that employs units of mole per liter or 
mole per kilogram in order to understand geochemical reaction in the environment. 
Various types of models have been used by groundwater specialists for several 
years to simulate how groundwater moves in the subsurface environment. The process of 
geochemical modeling is shown in the flow chart presented in Figure 6.11. 
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Chemical Reactions: Site Data 
• gas exchange • pH, Eh 
• ion speciation • solution composition 
• ion complexation • mineralogy 

• oxidation/reduction 

• mineral precipitation 
• adsorption/desorption 
T I 
" 
Conceptual Geochemical Model 
Computer Code I 
" 
Computerized Geochemical Model 
Figure 6.11 flow chart presentation of the Geochemical modeling process. 
(After Deutsch, 1997) 
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A model is a means of representing simplified form of reality to help grOl.mdwater 
managers understand and manage the resource. 
Groundwater models are useful for the following aims: 
(1) 	 for studies that precede field investigations. 
(2) 	 for the interpretive analysis following the field program. 
(3) 	 As predictive tools to estimate how water quality or quantity 
may change in the aquifer 
They provide the hydro geologists with a method of analyzing field data for a better 
understanding of the aquifer. 
The term model refers to any representation of a real system so the geochemical 
modeling is an attempt to simulate the chemical reactions in an aquifer system that 
produce the observed distribution of data. It is very useful for the investigator to develop a 
model in order to have better understanding of the chemical characteristics of the system 
(e.g. composition, pH, Eh) in terms of the waterlrocklgas interactions active in the system. 
In limestone aquifers for example, a conceptual model that involves calcite and 
dolomite dissolution/precipitation and C02 gas exchange may be developed to simulate 
the interaction of groundwater with soil gases and aquifer solids along the flow path and to 
explain the distribution and trends in pH, calcium, magnesium and inorganic carbon 
concentration. 
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6.6.2 Modeling data requirements 
In order to develop a conceptual model and to make the necessary calculations of 
the chemical processes, sufficient data must be available from the site, and the model 
must include the equilibrium constants for rate of constants for all the important reactions. 
The required data for modeling can be classified as follow: 
1) Site data on waterlrock composition. 
2) Experimentally derived data on equilibrium and rate constants. 
For developing a conceptual geochemical model, the amount and type of site data 
depends on the purpose of the study. For understanding the distribution of the major ions 
in groundwater, it is appropriate to measure their dissolved concentrations and the pH 
value along the flow path of each identical aquifer. 
The pH value is considered as a necessary parameter because of its importance on the 
solubility of many minerals and its role in aqueous complexation. 
Table (6.11) shows some data requirements for the development of a geochemical 
model of a system. Major cations and anions must be measured in all cases because of the 
fOlmation of complex species between these ions and minor/trace dissolved species. 
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Table 6.11 Some site groundwater data for geochemical Modelling 
(After Deutsch, 1997). 
Data Use 
Major Ions Calculation of solution complexes 
(Ca, Mg, Na, K, Calculation of ionic strength & solute activity 
HCO), CO), CI,S04, Saturation indices for minerals with these components 
N03) 
pH Ion speciation/complexation & mineral solubility 
The present investigation includes information collected from different aquifers 
(water bearing layers), so it is very complicated to develop specific conceptual 
geochemical model representing the whole profile. 
Each two successive wells are considered together in a specific model taking into 
consideration the initial well to be less mineralized compared with the final well. 
RefelTing to Tables Appendix B the data available for carrying out the calculations till the 
saturation index is concerned. 
S04-2, beside pH value. Based on the output data the three possibilities equilibrium, 
undersaturation and oversaturation are derived at each sample point individually. 
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6.6.3. Geochemical evolution of groundwater aquifers 
The main purpose to carry out a hyrogeochemical modelling in the preset work, is 
to add new understanding of the Qatar peninsula aquifer hydrochemical characteristics 
and to what extent it agrees with previous studies. 
In order to define the geochemical reactions controlling the evolution of the fresh 
groundwater in the aquifers, mass-balance calculations are to be applied to observed water 
composition. 
A geochemical mass-balance technique used along hydrogeologic flow paths 
provides insight about what chemical reactions are occurring along that flow path. 
Several authors have used this technique, among those are Thorstenson et a!., 
(1979), Plumer and Back (1980), and Plumer et a1., (1990). 
Mass-balance relations provide a means to quantify the net chemical reactions that 
account for a change in water composition, from a starting point to an ending point if the 
change can be attributed to mineral or gas dissolution on a mineral precipitation and 
outgassing reactions. 
In this respect, mass-balance calculations are used to determine which geochemical 
reactions may be controlling the chemical evolution of the groundwater aquifers in the 
study area. 
In the present study and due to the relative large offset distance between the 
investigated points, then a model for each two successive points is prepared. 
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6.6.4 Analysis of the southern profile models 

The southern profile, consists of four water samples S2, S3, S4, and S5. The water 
sample S 1 is not available due to the drastic pollution of water samples as a result of 
animal wastes in this location, which made it impossible to have a water sample suitable 
for chemical analysis. 
6.6.4.1. 	 Analysis of the bydrogeochemical models of the southern profile 
in summer Table (6.14) 
The chemical data of the collected water samples of this profile during summer 
were used to run a geochemical modeling process, in order to obtain the appropriate model 
for the prevailing environmental and geological conditions of the studied aquifers. 
Table (6.12 and 6.13) shows the ion activity products (lAP) and saturation index 
(Sl) for each individual point. 
The calculations gave seven phases. Among them is aragonite, which is unstable 
and changed after short time into calcite. Solubility index (SI) values range between 
negative 	and positive, these changes are reflected on the flow path models discussed 
hereunder. 
Analvsis of flow path models of the southern profile6.6.4.1.1 
The chemical data of the collected water samples of this profile during summer 
were used to run a geochemical modeling process. 
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6.6.4.1.2. Analvsis of the geochemical models of the southern profile 
in summer Table (6.14) 
a) Flowpath model between S5s-S4s 
In the flow path model between 85-84 in summer, six phases are detected, which 
show that, groundwater is oversaturated by gypsum, NaCl, C02 gas, while mirabilite 
(Na2804), and dolomite deviate towards the equilibrium case. 
b) Flowpath model between S4s-S3s 
Six phases are detected. The phases gypsum, NaCl, and C0 2 gas are oversaturated 
while calcite and mirabilite are undersaturated while dolomite tends to be in equilibrium. 
c) Flowpath model between S2s-S3s 
Again,six phases are detected. The phases C02,NaCl and gypsum,are 
oversaturated.Calcite and mirabilite are undersaturated, while dolomite tends to be in the 
equilibrium state. 
• 
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Farm 
No. 
Phase Ion Activity Product 
(IAP) 
Saturation Index 
(SI) 
Total Dissolved Solids 
(TDS) mgIL 
S2 Calcite 3.87E-08 1.07 6674 
Aragonite 3.87E-08 0.92 
Dolomite 2.71E-16 1.52 
Gypsum 1.04E-05 
-0.40 
Anhydrite 1.05E-05 
-0.62 
PC02 5.12E-05 
-2.82 
H2 gas 4.47E-02 
-16.2 
S3 Calcite 7.95E-08 1.38 7924 
Aragonite 7.95E-08 1.24 
Dolomite 1.18E-16 2.16 
Gypsum 1.26E-05 -0.32 
Anhydrite 1.26E-05 -0.537 
PC02 2.90E-05 -3.07 
H2 gas 1.12E-02 -16.80 
S4 Calcite 2.47E-09 -0.13 3645 
Aragonite 2.47E-09 -0.27 
Dolomite 1.83E-18 -0.65 
Gypsum 8.5E-06 -0.49 
Anhydrite 8.52E-06 -0.71 
PC02 I.4E-04 -2.38 
H2 gas 1.1E-18 -14.80 
S5 Calcite 6.03E-09 0.26 2250 
Aragonite 6.03E-09 0.12 
Dolomite 1.71E-17 0.32 
Gypsum 3.89E-06 -0.83 
Anhydrite 3.89E-06 -1.05 
peo2 2.81E-04 -2.08 
H2gas 7.08E-19 -15.0 
* Sl water sample is not available. 
Table 6.12 	 Ion Activity Products (lAP), Saturation Index (SI) and Total Dissolved 
Solids (TDS) data for common minerals along the southern profile in 
summer. 
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Farm Phase Ion Activity Product Saturation Index Total Dissolved Solids (lAP) (Sl)No. (TDS) mgIL 
S2 Calcite 3.0SE-OS 0.96 2897 
Aragonite 3.0SE-OS 0.S2 
Dolomite 1.68E-16 1.32 
Gypsum 3.38E-06 
-0.89 
Anhydrite 3.38E-06 -1.11 
PC0 2 8.22E-05 -2.62 
H2 gas 1.22E-19 -15.80 
S3 	 Calcite 4.46E-OS 1.13 7011 
Aragonite 4.46E-OS 0.99 
Dolomite 3.11E-16 1.58 
Gypsum 1. 13E-05 -0.37 
Anhydrite 1. 14E-05 -0.58 
PC02 4.06E-05 -2.92 
H2 gas 2.82E-20 -16.4 
S4 	 Calcite S.98E-10 -0.57 3226 
Aragonite 8.98E-IO -0.71 
Dolomite 2.94E-19 -1.44 
Gypsum 6.35E-06 -0.62 
Anhydrite 6.36E-06 -0.84 
PC02 2.77E-04 -2.09 
H2 gas 4.47E-18 -14.20 
S5 	 Calcite 2.51E-09 -0.12 920 
Aragonite 2.S1E-09 -0.27 
Dolomite 3.30E-18 -0.39 
Gypsum 1.35E-06 -1.29 
Anhydrite 1.35E-06 -1.51 
peo2 2.81E-04 -2.08 
H2 gas 1.78E-18 -14.60 
*S1 water sample is not available 
Table 6.13 Ion Activity Products (lAP), Saturation Index (SI) and Total Dissolved 
Solids (TDS) data for common minerals along the southern profile 
in winter. 
f 
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I 
Summer Winter 
II II I 
Phases Model Model Model Model Model Model 
85-84 84-83 82-83 85-84 S4-S3 82-83 
>­
..0Calcite 
- 06.64 -08.71 -17.30 -10.53 -03.00 -09.89 C 
~ 
'""1 
>­CO2 gas :::t03.51 11.06 17.44 09.15 04.93 10.42 
-< (1) 
til
....N QQ' 
V\ ~. N Dolomite 00.08 00.13 00.30 00.21 -00.04 00.09 o 
:::t 
en 
::j"
Mirabili 00.61 -07.16 -01.91 03.11 -04.87 -03.70 z 
, o 
, & 
NaCI 10.00 64.22 43.17 12.00 58.13 13.08 to ~ 
!?l 
Gypsum 08.41 12.37 18.35 11.67 07.66 10.0 
Table (6.14): Summary of the geochemical models of the southern profile. 
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6.6.4.2. Analysis of the geochemical models of the 
southern profile in winter Table (6.14) 
a) Flowpath model between S5w-54w 
The flowpath model between this two wells, shows that, only calcite is 
undersaturated, while CO2 gas, mirabilite, NaCl & gypsum are oversaturated. Dolomite 
tends to be in the equilibrium state. 
b) Flowpath model between 54w-53w 
In This flowpath model, in addition to calcite which is undersaturated, also 
dolomite and mirabilite tends to be in undersaturated state. The other phases C02 gas, 
NaCl and gypsum are oversaturated. 
c) Flowpath model between 52w-53w 
In This flowpath model, dolomite return to be in the equilibrium state again, while 
calcite and mirabilite remain undersaturated. The other phases C02 gas, NaCl and gypsum 
are oversaturated. 
6.6.5. Analysis of the northern profile 
The results of the chemical analysis of the groundwater samples were used to 
generate geochemical models in order to obtain the appropriate model for the prevailing 
environmental and geological conditions of the studied aquifers. 
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Table (6.15 and 6.16) shows the ion activity products (lAP) and saturation index 
(SI) for each individual point. The saturation index (SI) values for this profile gave 
negative values gradually from east to west. Also aragonite was unstable. 
The calculations gave seven phases among them is aragonite, which is unstable and 
changed after short time into calcite. Solubility index (SI) values range between negative 
and positive, these changes are reflected on the flow path models discussed hereunder. 
6.6.5.1. Analysis of flowpath models of the northern profile 
The chemical data of the collected water samples of this profile during winter were 
used to run a geochemical modeling process. Some models which agree with the 
hydrogeological and hydrogeochemical characteristics of the area have been discussed 
hereunder: 
6.6.5.2. Analysis of the hydrogeochemical models of the 
northern profile in summer Table (6.17) 
a) Flowpath model between N5s-N4s 
In the flow path model between N5-N4 in summer, six phases are detected, calcite 
is undersatured, while dolomite tends to in equilibrium state.C02 gas, mirabilite, NaCI and 
gypsum are oversautrated. 
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b) Flowpath model between N2s-N1s 
In this model calcite and mirabilite are undersaurated while C02 gas, Dolomite, 
NaCl and gypsum are oversaturated. 
6.6.5.3. Analysis of the hydrogeochemical models of the 
northern profile in winter Table (6.17) 
a) Flowpath model between NSw-N4w 
In the flow path model between NS-N4 in winter, six phases are detected, calcite is 
undcrsatured, while dolomite tends to in equilibrium state.C02 gas, mirabilite, NaCI and 
gypsum arc oversautrated. 
b) Flowpath model between N2w-N1w 
In this model calcite and mirabilite are undersaurated while C02 gas, Dolomite, 
NaCl and gypsum are oversaturated. 
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Farm Phase Ion Activity Product Saturation Index Total Dissolved Solids 
No. (IAP) (Sl) (IDS) mgIL 
Nt Calcite 2.76E-OS 0.920 6115 

Ara2:onite 2.76E-08 0.776 

I Dolomite 1.37E-16 1.227 

Gypsum 1.09E-05 -0.382 

Anhydrite 1.1GE-05 -0.600 

PCO? 7.1 IE-OS -2.680 

H? gas 7.78E-19 -15.600 

N2 	 Calcite 9.S6E-09 0.639 3109 

Ara20nite 9.86E-09 0.495 

Dolomite 7.09E-IS 1.049 

Gypsum 1.47E-05 -0.924 

Anhydrite 1.4SE-OS -1.143 

PCO? 3. 13E-04 -2.602 

H,2as 3.SSE-18 -15.800 

N3 	 Calcite 1.44E-08 0.639 1754 

Aragonite 1.44E-08 0.495 

Dolomite 9.l0E-17 1.049 

Gvnsum 3.13E-06 -0.924 

Anhydrite 3.13E-06 -1.143 

PCO? 8.S1E-OS -2.602 

H? gas 1.22E-19 -IS.S00 

N4 	 Calcite 3.29E-09 -0.003 2203 

Aragonite 3.29E-09 -0.147 

Dolomite S.25E-18 -0.190 

GVDsum 3.98E-06 -0.819 

Anhvdrite 3.99E-06 -1.038 

PCO? 1.55E-04 -2.342 

H? gas 7.08E-19 -15.000 

Calcite 6.34E-09 0.281 1200N5 
Ara2:onite 6.34E-09 0.l37 
Dolomite 1.61E-17 0.296 
GVDsum 2.63E-06 -0.999 
Anhvdrite 2.63E-06 -1.219 
PCO? 1.82E-04 -2.273 
H? gas 7.08E-19 -15.000 
Table 6.15 Ion Activity Products (lAP), Saturation Index (SI) and Total Dissolved 
Solids (IDS) data for common minerals along the northern profile 
m summer. 
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Nt 
N2 
N3 
-
N4 
N5 
Table 6.16 
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Phase Ion Activity Product Saturation Index Total Dissolved Solids 
(lAP) (SI) (TDS) mgIL 
Calcite 1. 18E-08 0.551 5072 
Ara~wnite 1.81E-08 OA08 
Dolomite 2.93E-17 0.557 
GYDsum 9.13E-06 -OA59 
Anhydrite 9.17E-06 -0.677 
PCO" 1.40E-04 -2.386 
H? gas 7.08E-19 -15.000 
Calcite 7.15E-09 0.334 3124 
Aragonite 7.15E-09 0.190 
Dolomite 4.23E-18 -0.285 
GYDSum 1.25E-05 -0.323 
Anhvdrite 1.25E-05 -0.542 
PCO? 3.61E-04 -1.975 
H? gas 4A7E-18 -14.200 
Calcite 5.35E-09 0.209 1625 
Aragonite 5.35E-09 0.065 
Dolomite 1.14E-17 0.148 
Gvnsum 3.01E-06 -0.941 
Anhydrite 3.01E-06 -1.160 
PCO? 2.01E-04 I -2.229 
H? gas 7.08E-19 -15.00 
Calcite 1.69E-09 I -.0292 1898 
Aragonite 1.69E-09 -0.436 
Dolomite 1.49E-18 -0.736 
GYDSUm 3.49E-06 -0.877 I 
Anhydrite 3.49E-06 -0.096 
PC01 2.11E-04 -2.208 
IHI gas 1.78E-18 -14.600 
Calcite 2.21E-09 -0.175 1033 
Aragonite 2.61E-09 -0.319 
Dolomite 1.70E-18 -OA91 
GYDSUm 1.70E-06 -1.188 
Anhydrite 1.70E-06 -lA08 
PCO? 5.06E-04 -1.828 
H, gas 3.89E-18 -14.260 
Ion Activity Products (lAP), Saturation Index (SI) and Total Dissolved 
Solids (TDS) data for common minerals along the northern profile in 
winter. 
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Summer 	 WinterI 	 II I 

Phases 	 Model Model Model Model Model Model Model Model 
NS-N4 N3-N4 N3-N2 N2-Nl NS-N4 N3-N4 N3-N2 N2-Nl 
);> 
,.0Calcite 
-03.66 -01.51 21.25 -26.73 -2.36 -00.96 11.44 -11.70 ~ ~ 
..... 
>-<
::sCO2 gas 03.25 00.49 -22.22 24.38 0.56 -00.51 -12.21 9.07 <: 1Il 
...'" ciQ' 
w 
tv Dolomite 
-00.001 00.04 0.12 l.12 0.12 00.16 0.12 l.20 ~ 
....... 

........ 	 g' 
'" S' 
Mirabili 03.00 02.65 6.00 -17.81 2.91 02.73 0.65 -5.34 o Z g. 
,0 
NaCI 05.20 -00.40 2.67 65.84 3.98 -02.00 11.97 38.06 ~ 
..... 
I Gypsum 02.99 01.19 -3.65 19.56 2.52 00.34 1.78 6.32 
Table 6.17 	 Summary of the geochemical models of the northern profile, 
Chapter 6, Hydrochemistry 
6.7.2 Discussion of the hydrochemical models 
Regarding the southern profiles six models are calculated, three for both season. 
The measurements during the summer season along this profile are represented by Table 
(6.12). Based on the TD8 values, and begins from west to east (shore line direction), the 
three models from 85-84, 84-83 and S2-S3. As can be seen from this table the maximum 
TDS value is recorded at S3. The results obtained from geophysics are taken into 
consideration during preparation of theses models (Table, 6.12) shows the calculated lAP 
and 81 values for each individual well. These data are used for model calculations. The 
measurements during the winter season along the southern profile are represented by 
(Table, 6.13). As in the summer season these data are used for calculating the models for 
winter seasons. The same relative relation in the TDS values prevails as for that of the 
summer season, but with decreases in the TD8 values. 
The results obtained from model calculations are represented by Table (6.16). The 
following conclusions can drawn from an anlysis of these results: 
1) The same phases dominate in both season for the three flow paths. 
2) Calcite phase decreases gradually toward the eastern side, during the 
summer season. The situation is different for the calcite in -winter season, 
where the maximum values are attained at the S4-S3 model. Generally, 
calcite is undersaturated in all models. 
3) C02 gas is oversaturated in all models. 
4) Dolomite fluctuate around the zero values indicating equilibrium. 
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5) Mirabilite has different values in both summer and winter seasons. It is 
undersaturated overall except for the model S5-S4 in both seasons. It is in 
equilibrium state in summer and oversaturated in winter. This is due to the 
salt water intrusion. 
6) Halite (NaCl) which is a function of salt water encroachment has relatively 
high values (all show oversaturation), the minimum values reached by S5­
S4 and the maximum by S4-S3. 
7) Gypsum has positive values indicating overersaturation for all models in 
summer and winter. This can be explained by the fact that the southern 
profile is in the Sulphate facies of the Rus Formation, that is the 
particularly gypsum, which is absent in the north. 
8) From the hydrogeochemical results, when comparing the first model and 
the last model of each profile, it can be concluded that there is a gradual 
decrease in the saturation of gypsum and NaCl, TDS and SAR values East 
to the West and from South to North, which agree with the classification of 
groundwater types as the presence of calcium bicarbonate water in the 
North, Sodium Sulphate in the South and Sodium chloride in the coastal 
zone (AI-Hajari, 1990). 
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7 	 Correlation and Integration of Hydrogeological, 
Hydrogeochemical and Geophysical Results 
7.1 The southern profile 
The southern profile consists of four measuring points 82, 83, 84 and S5. Each 
point relate a farm which contains the sampled water well. Hydrogeochemical data for 
fann no. 81 is not available due to the drastic pollution and contamination by animals 
wastes. 
Each point will be discussed individually in both summer and winter seasons 
taking into consideration the following remarks: 
a) The hydrogeological data measured in the different water wells include the 
change in the depth to the water table during the summer and winter. 
b) 	 The changes in the resistivity values of the water bearing layer as observed 
from the geoelectrical models for the two seasons are correlated with the 
results of chemical analysis of water samples for each point. 
The aim of such correlation is to show the influence of each chemical constituents 
on the calculated resistivity of the water bearing layer. 
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Tables are presented which show concentrations of the different major constituents 
in mg/l for the water samples collected from a well inside each farm and close to the YES 
point, the phase defined from the hydrogeochemical modelling, and the layer parameters 
calculated from resistivity modeling. 
7.1.1 	 Farm No. S2 (330) (Table 7.1) 
The resistivity of the water-bearing layer increases from 15 ohm-m in summer to 
16 ol1IU-m in winter. This increase in the resistivity value is much more related to a 
decrease in the chloride, sodium and calcium concentrations 
This point, lies close to the shore line indicating a water bearing layer of mixed fresh and 
salinewater. 
7.1.2 	 Farm No. S3 (334) (Table 7.1) 
The resistivity of the water-bearing layer increases from 4 ohm-m in summer to 7 
ohm-m in winter with noticeable decrease in the chloride, sodium and calcium 
concentrations. This is mainly due to the effect of salt-water intrusion. 
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1\,1 ajor constit uen is Layer parameters 
Farm (mgll) 
Season No. r."' .,g'XT"'1"1'''';1-",:07 1 sci;- -I ,,'-- -- ~- p- -r w-:-i.- '-~lca~;c~1 
TDS !I I (Ill) w. L. 
___ c __~ (m,:_11 ~"" --t- (m) 
<-_~'__-5' 
- -'~"-r'~" -, ~ - ,,-'-- , ­
I (JS2 )7 ::r)30 ';;2 '}-~-+~SJ j-;:;" -2~6;-Summer 667,1 15 18.5 17.9 
--~~"~ -~"- ,- -,,- -,-,- _ ,-,- -'----r'--'- --,-._- -,,- - '-",-,-"'-' ----, _ ,--~ ,,----,,-- ,-,--­ ~ Winter co 
.... 
281 30 773 48 0 238 356 1172 2897 16 18 17.3 ;--1 
(J 
o 
w 
to 83 ~ ?ISummer 341 39 1771 103 0 )07 2243 3124 7924 4 19 18 
,,-,,-,-<-~--,-0\ 
--..-~"-~- f.o------1----'---,-- ----1----"'----,-,,- 1------- - o· 
Winler ;::J §323 31 1674 101 0 257 1931 2698 7011 7 16 15.8 0­
f?: 

84 r£ §l.
Summer 
' __ ._ 
190 36 628 67 0 123 1749 852 3645 22 22 21.6 o·.e.~_<~__
-----'._-, 
-.---
f--,,-
---- --,,- -----­-- ;::JWinter 
138 32 564 67 0 119 1667 639 3226 18 21.9 21 
S5Summer 116 34 370 52 0 297 884 497 2250 28 36 35.7
----- '--- ---­Winter 
84 27 145 26 0 178 247 213 620 32 35 34.3 
Table 7.1 Sumlnary of geochemical and geophysical results of the southern profile. 
-------- -~------------------
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Also, there is a noticeable decrease in the water level shawn by the geoelectrical 
model & the measured water level in the field due to the evaporation and lack of recharge. 
7.1.3 	 Farm No. 84 (840) Table (7.1) 
There a noticeable increase of the resistivity value from 18 ohm-m in summer to 
22 ohm-m in winter due to the recharge from rainfall, while there is a considerable 
decrease in the chloride and calcium concentration. The water levels calculated from YES 
agrees with the measured one in both seasons. 
7.1.4 	 Farm No. 85 (1087) Table (7.1) 
There a noticeable increase of the resistivity value from 28 ohm-m in summer to 
32 ohm-m in winter due to the recharge from rainfall, while there is a considerable 
decrease in the chloride and calcium concentration. The calculated water level agrees with 
the measured lei vel in both seasons. 
7.2 	 The northern profile 
The northern profile consists of five measuring points Nl, N2, N3, N4 and N5. 
Each point represents a farm which contain a water well. Analysis and discussion of this 
profile has been carried Qut in a similar manner to the southern profile. 
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Major constituents Layer parameters
(mgn)Farm 
c/+ Mg+1 N/ K+ CO/- HC03L - CI 	 W.L. MeasuredSeason No. 	 S04 PaTDS 	 (m) W.L. 
(mgfl) 	 (m)(ohm.m) 
Nt 	
, 
Summer 593 64 1336 90 0 178 947 2911 6115 8.5 26 25.2 
(') 
Winter 489 62 1224 78 0 168 853 2201 9 24.9 23.1 ::r 
5072 ~ ~ 
838 37 644 62 0 168 782 994 	 37.1 20 19.4 ; ....1N2Summer 	 3109 (') 
o 
::j 
N Winter 658 33 596 57 0 168 761 852 45 19 18.2 	 (1) w 	 ?I 3124 	 o00 	 :::> 
§N3Summer 126 34 306 21 0 228 556 483 1754 15 29 28.1 	
-
0.. 
8 
(l) 
~ 
~ Winter o· 
122 30 290 20 0 210 527 426 1625 18 27 26.2 ::l 
N4Summer 115 35 419 75 0 164 926 469 20 31 30.3 
2203 
Winter 
104 34 370 73 0 139 823 355 1898 22 30 29.5 
N5Summer 142 35 161 41 0 188 350 284 1200 40.9 35 34.6 
Winter 
94 31 144 33 0 218 301 213 1033 44.2 32.7 31.7 
Table 7.2 Summary of geochemical and geophysical results of the northern profile 
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7.2.1 Farm No. N1 (228), (Table 7.2) 
It can be concluded that, the resistivity of the water-bearing layer increases from 
8.5 ohm-m in summer to 9 ohm-m in winter. This increase in the resistivity value is much 
more related to the decrease in the chloride, sodium and calcium concentrations. 
Also, there is a noticeable decrease in the water level from the geoelectrical model 
& the measured water level in the field due to the evaporation and lack of recharge from 
rainfall during the summer period. 
In this point, which lies close to the shore line, the low resistivity layer indicates a 
salt water bearing layer. This is mainly due to the effect of salt-water intrusion. The high 
value of both sodium and chloride concentrations agree with the low resistivity value as a 
result of the salt water intrusion. 
7.2.2 	 Farm No. N2 (226), (Table 7.2) 
The resistivity of the water-bearing layer increases from 37.1 ohm-m in summer to 
45 ohm-m in winter and a noticeable decrease in the chloride, sodium and calcium 
concentrations. These values are very different when compared with the results from (Nl), 
where resistivity values in Nl indicate brackish water. When comparing this with the 
hydrogeochemical data, it is clear that concentrations of both Na+ and cr are less than 
that ofNl. The water is not potable but still useful for agricultural purposes. 
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7.2.3 Farm No. N3 (839), (Table 7.2) 
Chapter 7, Correlation and Integration 
Table (7.2) show the concentrations of the different major constituents in mg/l for 
the water samples collected from a well inside this farm and close to the YES point, and 
the layer parameters calculated from resistivity modeling. In this point, there a noticeable 
increase of the resistivity value from 15 ohm-m in summer to 18 ohm-m in winter, while 
there is a considerable decrease in the chloride and calcium concentration. The calculated 
water level agree with the measured one in both seasons. 
7.2.4 	 Farm No. N4 (203), (Table 7.2) 
In this point, there a noticeable increase of the resistivity value from 15 ohm-m in 
summer to 18 ohm-m in winter, while there is a considerable decrease in the chloride and 
calcium concentration. The calculated water level agree with the measured one in both 
seasons. 
7.2.5. Farm No. N5 (696), Table (7.2) 
In this point, there a noticeable increase of the resistivity value from 15 ohm.rn in 
summer to 18 ohm-rn in winter, while there is a considerable decrease in the chloride and 
calcium concentration. The calculated water level agree with the measured one in both 
seasons. 
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7.3 Discussion 
From the previous discussion about the correlation and integration between 
hydrogeological, hydrogeochemical, and geophysical results, the following can be 
concluded: 
i) There is a close agreement between the depths of the water-bearing layers, 
calculated from geoelectrical resistivity survey and the measured depths to 
the groundwater levels in the wells. 
ii) In addition from the hydrogeochemical modelling undertaken in the study 
area, it is clear that there is an oversaturation of gypsum probably due to 
salt water intrusion which leads to ion exchange in some clays where by 
calcium is displaced by sodium. This oversaturation of gypsum is 
accentuated by dissolution of anhydrite in the sulphate facies of the Rus 
Fonnation in the southern profile. 
iii) The data from the wells show that the state of equilibrium between the 
fresh water and salt water interface, and the transition, zone can be 
effectively detennined using the geoelectrical resistivity method. 
iv) The resistivity values of the water-bearing layers increase with the 
decrease of chloride and sodium concentrations. 
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According to the hydrogeological survey, the aquifers of the study area belongs to 
the Rus Formation which is mainly dominated by fractured limestone, marly limestone, 
evaporite, marine silts, soft clay and some gypsum intercalations. This lithological 
variation influences the fresh water of the aquifers. 
The hydrogeological data show that there is a gradual increase in the water levels 
from East to West indicating that overpumping is taking place in the study area which is 
clear in northern zone due to the extensive extraction of fresh water for agricultural 
purposes as most of productive farms lies in the northern zone. 
From the geochemical results it is clear that the major cation as TDS show a 
gradual decrease from East to West and from South to North which reflect the influence of 
salt water intrusion and the deterioration of the groundwater quality as a result of 
overpumping. Also, from the Pipers diagrams it clear that the salt is increasing from East 
to West and from South to North. 
From the hydrogeochemical results, when comparing the first model and the last 
model of each profile, it can be concluded that there is a gradual decrease in the saturation 
of gypsum and NaCl, IDS and SAR values East to the West and from South to North, 
which agree with the classification of groundwater types as the presence of calcium 
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bicarbonate water in the North, Sodium Sulphate in the South and Sodium chloride in the 
coastal zone (AI-Hajari, 1990). 
From the geoelectrical survey it is clear that the interface between the freshwater 
and the salt water is progressing from East to West and from South to North showing a 
serious deterioration of the groundwater quality. 
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Chapter 8, Evaluation of groundwater quality 
Evaluation of Groundwater Quality 
8.1 General outlines 
Most interpretations of groundwater quality data are made to determine if the water 
is satisfactory in quality for different uses. Walton (1970) has stated that, whether a 
groundwater of a given quality is suitable for a particular purpose depends on the criteria or 
standards of acceptable quality for that use. 
On the other hand, the quality of groundwater is the resultant of all processes and 
reactions that have acted on the water from the moment it condensed in the atmosphere to 
the time it is discharge by a well or spring (Bouwer, 1978). 
In this chapter, evaluation of the quality of the groundwaters at the different farms in 
the study area during summer and winter was made. This evaluation deals mainly with the 
suitability of groundwater resources for drinking, livestock and domestic uses as well as for 
irrigation purposes. 
8.1.1 Evaluation of groundwater quality for drinking and domestic uses 
Water that is to be used for drinking and domestic purposes should be colorless, free 
of turbidity, excessive amount of dissolved mineral matter and unpleasant odor or taste. 
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Most drinking water supplies in the world conform to the standards laid down by the 
U.S. Public Health Service (1962), The European Economic Community (1975) and the 
U.s. Environmental Protection Agency. 
Acceptable standards vary from country to country depending upon economic 
prosperity, experience, climate and geographical location. The standards tend to change 
with time as medical information become available. 
Table (8.1) shows a guide to drinking standards for inorganic parameters. Although 
the guide relates to European Countries it is clearly applicable world wide. 
The evaluation depends on the results of chemical analysis for groundwater samples 
listed in Tables in Appendix B. 
Using the limiting standards for drinking water listed in (Table, 8.1), it can be 
concluded that: 
a) All the collected groundwater samples, have high values of TDS, chloride, 
sodium, sulphate and to some extent calcium and magnesium, which exceed 
the permissible limits for human use. These high values are encountered in 
both seasons, summer and winter. 
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Chapter 8, Evaluation of groundwater quality 
-fable8.l Drinking water standards for inorganic substances 
(After European Economic Community, 1975) 
Ilara-meter Units Guide Max. Min. Comments 

Level Admissible Required 

Concent- Concent­
ration ration 

.pH .pH unit 6.5-8.5 9.5 6.0 

EC )l.mhos/cm 400 1250 Related to TDS 

Limit set for taste. 

IDS .mg/l 1500 Decrease may cause 

cardiovascular death 

Cal + 
.mg/l 100 10 
Mg~+ 
.mg/l 30 50 5 
Na+ .mg/l 20 100 Normally beneficial ~ 
and required by body. 
K+ 
.mg/l 10 12 

HCO-3 .mg/l 30 

SO-4 .mg/l 5 250 Excess causes 

intestinal irritations. 

C1" . mg/l 25 200 Limits set for taste . 

Adults need about Cu flg/l 50 
1 mg eu per day 
Fe++ flg/l 100 300 
; M++n flg/l 20 50 
Can cause dermatitis. Nt flg/l 5 50 

Zn++ 100 Very small amounts 
flg/l 
benficial. 
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b) The high concentration values of the collected samples increase gradually 
towards the shoreline due to the saltwater intrusion phenomena. 
c) The concentrations values tends to decrease during winter season as a result 
of the recharge from rainfall. 
On the other hand, water to be used by livestock and poultry is preferably subjected 
to those of the water quality suitable for human drinking purposes. Most animals, however, 
are able to use water that is considerably higher in dissolved solids concentrations than that 
which is considered satisfactory for human purposes. 
Table (8.2) shows the principal criteria for evaluating the water quality used by 
livestock and poultry. 
The TDS value of the groundwater samples collected from the southern profile 
ranges from 12,000 - 1,400 mg!l where as, those collected from the northern profile have 
values of TDS ranging from 8,500 - 1,500 during the different seasons. 
Using Table (8.2) for groundwater classification, it can be concluded that most of 
the groundwater at the different study areas range from very satisfactory to unfit and risky 
which are not recommended for use under any condition. 
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Along the northern profile starting from farm no. N2 water tends to be very 
Si:lt.isfact()jY for livestock and poultry (TDS less than 5000 mg/l). Along the southern profile, 
~:mly groundwater of farm no. S4 and S5 are satisfactory for livestock and poultry (TDS less 
than 5000 mg/l). 
8.1.2 	Evaluation of groundwater quality for irrigation purposes 
The quality of water used for irrigation is an important factor greatly affects the 
quality of the irrigated crops and their productivity. Concerning the quality of waters used 
iIrigation purposes, many classifications have been proposed. 
The most important of these classifications are those of Eaton (1950), Wilcox (1948 
;lnd 1955) and the U.S. Salinity Laboratory (1954). Quality standards for irrigation water 
i:1dudt,;: 
1- The total salt concentration of the water, as it affects crop yields through 
osmotic effects. 
2- The concentration of specific ions that be toxic to plants or have an unfavorable 
affects on crop quality. 
3- The concentration of cations that can cause deflocculation of the clay in the soil 
and resulting damage to soil structure and declines in infiltration rate. 
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Table 8.2 Salinity guide for drinking water for livestock and poultry 
(After National Academy of Sciences and National Academy of Engineering, 1972) 
TDS in mgll 	 Comments 
Less than 100 mg/l 	 Relatively low level of salinity, excellent for all classes of 

livestock and poultry 

1000-3000 mg/I 	 Very satisfactory for all classes of livestock and poultry. May cause 
temporary and mild diarrhoea in livestock not accustomed 
to it or watery droppings in poultry. 
Satisfactory for livestock, but may cause temporary diarrhoea or be3000-5000 mg/I 
refused at first by animals not accustomed to it. Poor water for 
poultry, often causing water faeces, increased mortality, and 
decreased growth, especially in turkeys. 
Can be used with reasonable safety for diary and beef cattle, sheep, 5000-7000 mg/I 
swine and horses. Avoid use for pregnant or lactating animals. Not 
acceptable for poultry. 
Unfit for poultry and probably for swine. Considerable risk in using 7000-10000 mg!1 
for pregnant or lactating cows, horses or sheep or for the young of 
these species. In general, use should be avoided although older 
ruminants, horses and swine may subsist on them under certain 
conditions. 
Risks with these highly saline waters are so great that they can Over 10000 mg!1 
not be recommended for use under any condition. 
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The quality requirements of irrigation water vary depending on plant type, amount 
of irrigation water used, types and drainability of soils, and climate (Richards, 1954: Davis, 
DeWiest, 1966 and Bouwer, 1978). Thus, rigorous universal standards for irrigation water 
cannot be formulated, and what may be a poor water at one place could be quite acceptable 
somewhere else. In addition, special farming techniques have been developed to cope with 
saline irrigation water, including growing saIt-tolerant crops. 
In the following part, attempts are made for the evaluation of groundwater quality at 
the study areas for irrigation purposes. 
The u.s. Salinity Laboratory classification (1954): 

This classification is based on the total salt concentration and sodium adsorption ratio 

(SAR). 

Total salt concentration hazard 

Osmotic processes form the most important life function in plants so that any changes in 

osmotic conditions in the root zone can automatically change the rate of water flow to a 

plant. Normally, osmatic effect are caused by total saIt concentrations 

The most severe increase in total salt concentrations occurs when irrigation water is 
obtained from the groundwater body itself and is used in the vicinity of wells, because this 
practice accelerates the local hydrologic cycle. With higher groundwater demand the salt 
content is concentrated as in a closed basin Hem (1970). 
250 
Aquifer Investigations in North Qatar 
The U,S. Salinity Laboratory has established guide groupings of waters based on 
total :;;alt concentrations as shown in (Table, 8.3) 
Regarding the study areas, the values of SAR for the collected groundwater samples 
mdicate that most of the samples from the northern and southern profiles are low to 
medium SAR values, which can be used safely for irrigation on almost all soils except for 
nne-textured soils and high sodium water which may require special soil management. 
8.1.3 	Sodium hazard 
Although accounts has to be taken of total salt concentrations in groundwaters used 
irrigation, specific ion effects are also very important. Sodium is one ofthe governing 
specific ions owing to its effects on both soil and plants. 
The U.S. Salinity Laboratory (1954) introduced the sodium adsorption ratio (SAR) 
because of its direct relation to the adsorption of sodium by soil, where it expresses the 
tendency of a water to replace adsorbed calcium and magnesium with sodium and is defined 
by: 
Na+ 
SAR = '.LC~2+~Mll:~+) 
Where Na+, Ca2+ and Mg2+ are in meq/l. 
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Table 8.3 Circmps of irrigation waters based on total dissolved solids 
(\ftcr t ".S. Salinity Laboratory, 1954) 
TDS r;(' Remarks 
, • .:.-,;;.:;",~r:~';::;::£:«J,,:,w,',~ """'·"-';::"'::'~'~'''''''''"''lL<L",~""a,,,+~,,,,,,,",_-=~================11 
·:-;00 " 250 C I 	 Low salinity water-Can be used for irrigation 
with most crops on most soils with little 
likelihood that a salinity problem will develop. 
Some Ie,lehing is required, but this occurs 
under norrnal irrigation practices except in 
soils of extremely low permeability. 
salinity water-Can be used if a 
moderate amount of leaching occurs. Plants 
with moderate salt tolerance can be grown in 
most instances without special practices for 
salinity control. 
500~1 	 lIigh salinity water~Cannot be used on soils 
with restricteu drainage, special management 
for salinity control may be required and plants 
\\ith good salt tolerance should be selected. 
salinity water-is not suitable for 
irrigation under ordinary conditions but may be 
u::;ed occasionally under very special 
circumstances. The soil must be permeable, 
drainage must be adequate, irrigation water 
mtlst be applied in excess to provide 
ctmsiderablc leaching, and very salt-tolerant 
be selected. 
P' 
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Irrigation water that has high value of SAR imply a hazard of sodium replacing 
adsorbed calcium and magnesium from the clay minerals of the soil. This replacement can 
cause deflocculation of the clay in the soil and damages its structure as it loses its 
permeability, so that its fertility and suitability for cultivation decreases. 
A general classification of irrigation water based on SAR is given by Wilcox (1955) 
as shown in Table (8.4). 
The U.S. Salinity Laboratory (1955) has adopted an irrigation water classification 
based upon SAR in combination with E.C. where a useful nomogram is widely used for 
evaluation ofwaters for irrigation purposes. 
The nomogram is classified into 16 fields that give an indication if the probability of 
possible excessive salinity & undesirable ion exchange. 
The distribution of the different groundwater samples, collected in the different 
seasons from each area, within the nomogram shows that, the groundwater samples 
collected from the southern profile fall into the following fields: 
Table (8.5) and (Fig., 8.1): (C4S3, C3Sl), high to very high salinity hazard, and 
mainly low to medium sodium hazard. 
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Table 8.4 	 Irrigation water classification based on sodium adsorption ratio 
(After Wilcox, 1955) 
SAR Class 	 Remarks 
< 10 Sj 	 Low sodium water can be used for irrigation on almost all soils 

with little danger of the development ofharmful levels of 

exchangeable sodium. However, sodium-sensitive crops may 

accumulate injurious concentrations of sodium. 

10-18 S2 	 Medium sodium water will present an appreciable sodium hazard in 

fine textured soils having high cation exchange capacity, especially 

under low leaching conditions, unless gypsum is present in the soil. 

This water can be used on coarse-textured or organic soils with 

good permeability. 

18-26 S3 	 High sodium water may produce harmful level of exchangeable I 
sodium in most of soils and will require special soil management: I 
good drainage, high leaching and organic matter conditions. l 
i 
Gypsiferous soils may not develop harmful levels of exchangeable 	 i 
" 
sodium from such water. Chemical amendments may be required 	 ~! I 
for replacement of exchangeable sodium, except that amendments 
may not be feasible with waters of very high salinity. 
> 26 S4 	 Very high sodium water is generally unsatisfactory for irrigation 

purposes except at low and perhaps medium salinity, where the 

dissolving of calcium from the soil or the use of gypsum or other 

additives may make the use of these waters feasible. 
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Table 8.S 
TDS 
E.C. 
SAR 
Table 8.6 
TDS 
E.C. 
SAR 
Aquifer Investigations in North Qatar 
Analysis of groundwater samples for TDS, E.C. and SAR 
ofthe southern profile in both summer and winter. 
S2 S3 S4 
Summer 6674 7924 3645 

Winter 2897 7011 3226 

Summer 8343 9905 4556 

Winter 3621 8764 4033 

Summer 22.74 24.21 10.95 

Winter 11.7 23.89 11.24 

Analysis of groundwater samples for TDS, E.C. and SAR 
of the northern profile in both summer and winter. 
N1 N2 N3 N4 
Summer 6115 3109 1754 2203 
Winter 5072 3124 1625 1898 
Summer 7644 3886 2192 2754 
Winter 6340 3905 2031 2373 
Summer 13.91 5.912 6.24 8.78 
Winter 13.86 6.15 6.10 8.05 
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Chapter 8, Evaluation of groundwater quality 
Some groundwater samples collected from the two profiles lies out of the 
nomogram range, indicating exceptionally high salinity and sodium hazards. 
It is clear that the TDS values for the two profiles decrease inland towards the center 
of the peninsula, which is in agreement with the survey carried out in 1994, by the 
Department of Agricultural and Water Research (DA WR) (Fig. 8.3). 
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Figure 8.3 	 T otal Dissolved Solids (TDS) contour map of the State of Qatar, Sept. 1993 
(After DA WR, M inistry ofMunicipality and Agricultural Affairs ). 
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9 Summary, Conclusion and Recommendations 
9.1 Summary and conclusion 
The State of Qatar has no rivers, freshwater lakes, or springs. Rainfall is very low, 
insutlicient to cover the annual local needs which are supplemented by desalination 
plants. The long established groundwater reserves are diminishing and therefore policies 
and methodologies must be established for conserving the coastal aquifers and protecting 
them from salt water encroachment and for better groundwater management. 
Seawater intrusion is not the only source of salinity in coastal aquifers although 
here it seems to be the most in important. In many cases saline water is found as pore 
water in aquitards, in deep-seated aquifers with long residence time, as saline return flow 
of irrigation or as discharge of natural recharge in arid areas. 
The present work deals essentially with geophysical, hydrogeological and 
hydrogeochemical investigations of the northern part of the State of Qatar. 
In this study great attention is paid to the factors which may affect the groundwater 
quality especially salt-water intrusion. 
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-_,_~:~~,P.~t:L::' Surnmal2'. and conclusion and recommendations 
The northern part of Qatar is most promising for agricultural expansion because it 
is characterized by the presence of adequate amounts of groundwater. The water resources 
in this zone are mainly derived from direct precipitation, where groundwater is extracted 
from wells. 
The climate of this reginn is characterized by a rainy unstable winter and stable 
warm and dr\' summer. This zunI! receives noticeable amounts of rainfall in winter with 
an anmm! mctU\ of 76.4 mm. Precipit'ltion is the main source of recharge of groundwater 
aquifers along this c'~~lshlll\lfle. The mmual average evaporation is 2200 mm. 
The impurtant groundwater aquifers in the northern part of the Qatar peninsula 
are: 

-The Eocene Rus fissured carbonate aquifer . 

.Tht! Paleocene Umm er Radhuma fissured carbonate aquifer. 

Al.Uajari ( I 990) hasstutcd that. thc groundwater level in Qatar varies with respect 
sea level in the southern zone and about 4to the mcan sc:a Icvd \\'hic:h is about 9 m 

m above seu level in the northern Z(Jnc in 1980. 

The groundwater flows radiaUy outward from recharge areas centered over higher 
land-surfaces in the northern and southern z(me. It discharges into the adjacent low lying 
sabkhas tmti the Arabian Gulf. reflecting changes in land-surface topography and the 
elevati<.m of Qatar. 
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The pattern of groundwater flow can be inferred from the distribution of hydraulic 
head in the northl..!lTl aquifer zone where high and low flow occur reflecting the variation 
in the water level [l1C<lsun:mcnts mild..: during the summer and winter seasons. 
The now patk~m sugge:;t that, the northern aquifer zone has been changed by 
heavy agricultural t,''Itraction n\'l~r the- lust 30 years (!\l-lI<l:iuri, 1990). 
rcsisithitj survey were used III the present work to get 
informatiun ah~HIt tht." depth to water bearing layer andlor fresh-waterlsalt-water 
intcrial:e.Vcrth:ul electrical sounding technique (VES) was can'jed out using collinear 
Sehl umtx:rgcr 1") ilitllctrical configuration. Twenty vertical electrical soundings were 
conduckd the two pamllel profile::; extending from East to West. 
(h.:ncrally. the \'l'rtical di.!ctrical sounding technique can give a clear picture about 
the hydrogcologicalconditiuns of any arC'l. This technique may be useful in detem1ining 
tIll: bchul.'iI,mr anll duuuctcl'istic IJf gmund\'~/a.tcr. It may abo be of great assistance in 
ddcrmining the quality llf groundwater in temlS of the resistivity of the water-bearing 
layer. These vertical electrical sounding surveys were very useful! in the determination 
of the position the fresh water/salt water interface and therefore to assess the extent of 
the salt waler intrusion probicm. The geoeiectrical sounding indicate that the interface is 
migrating inland, du~ tu ovcrpumping summer ami recovering foIio\\'ing the winter 
season mins, 
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The: pnmsity values of the \vater-bearing formations in the different study areas 
were .lprruxirnatcd Archie's formula. The water-bearing fonnations at the study 
un:a han: pnrosit) which range from 5.6 to 16%. Three core samples were 
measured frnm the snuthern prntilc S3, S4 & S5 and four samples from the northern 
profile N I. :\"~. 1\4 and N5 as f(lllnws: 
f'srm No. i S,l Sol S5 Nt N3 

!,I:r;.U€J" I 1. 08.5'% OS ,Mio
11.fY!oI 
N5 
Ihe hydrodlemil::a! charaderistics of grounchvater at the different points 
at the diffi:nmt study an:a;-; acquire their salinity partly due to 
the ayuift>l material (mainly carhonate and evaporite in the form of 
slaiph;lh!s) ilnd a]stJ dut: to mixing with salt wakr through sea-water intrusion which 
migrates durinlZ summer season. 
cnmplt~x. pr(~ces~cs (dissolution and mixing) strongly affect 
re~uh in changes in the dominance of the different 
b) The 
on tatio. 
c) "lile lSUlinity ground\vutcr und its chloride and sodium content can be used as 
indil:cUOfS for Sl!s-water intrusion into tht!' fresh-water aquifhs in the study area. 
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d) The most common groundwater type in the study area is Na-Cl, and Ca-HC03 type. 
A clear correlation and integration between hydrogeological, geophysical and 
hydrogeochemical results have been found as follows: 
l) There is a close agreement between the depths to the water-bearing layers, 
calculated from geoelectrical resistivity survey, and the measured depths to the 
groundwater level in the neighbouring wells and trenches. Variations in the water 
level can be observed therefore with the help of geoelectrical resistivity method. 
2) 	 The state of equilibrium between the fresh water and salt water can be determined 
using the geoelectrical resistivity method. 
The resistivity values of the water-bearing layers are greatly affected by the 
sodium chloride content of the groundwater where they are increased with the 
decrease of chloride concentration. 
The quality of groundwater at the different study areas is the resultant of all 
processes and reactions that have acted on the water from the moment it condensed in the 
atmosphere to the time it is discharged by a well. Most of the collected groundwater 
samples have high TDS values which are composed of TDS, chloride, sulphate, sodium 
and to some extent calcium and magnesium, and which exceed the permissible limits for 
human use. These high values are encountered in summer seasons rather than in winter or 
after winter season. Most of the groundwaters are quite satisfactory for livestock and 
poultry where they have TDS less than 500 mg/I. 
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Chapter 9, Summary and conclusion and recommendations 
In view of the increasing concentration of human settlements, agricultural 
development and economic activities in the coastal areas, the groundwater resources are 
acquiring an increasing social and economic value. 
The deterioration of the groundwater quality in coastal areas is usually the result of 
the penetration of the seawater into the aquifers, due to the lowering of the freshwater 
level by excessive groundwater abstraction. 
The seawater intrusion can be a slow process which may take long periods (in the 
order of decades) to take effect therefore, it can proceed unnoticed until is too difficult to 
be reversed. 
However, coastal karstic limestone aquifers such as exist in the study area are 
particularly vulnerable to seawater intrusion; their peculiar hydrogeological characteristics 
allow a very fast inland propagation of the intrusion in the case of overexploitation. These 
aquifers require special methods of investigation. 
When appropriate, technical solutions such as artificial recharge can be applied to 
control seawater intrusion by improving the freshwater balance. Here, however it is not 
possible because of the lack of freshwater supplies to recharge the aquifer. 
Relative sea level rise (sea level rise + land subsidence) will also affect seawater 
intrusion in coastal aquifers. However, relative sea level rise is a slow process and 
moreover its effects lag far behind he cause. In the next decades the ongoing effect of 
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human activities mainly groundwater abstraction are much more threatening in the area 
studied. 
9.2 Recommendations 
On the basis of the present study, the following recommendations are suggested 
for the study areas and similar coastal areas: 
1. 	 The annual amount of the recharge should be estimated and the total amount 
of water stored in the aquifers must be taken into consideration before any 
further drilling or development of water wells is permitted. 
2. 	 Periodical electrical resistivity surveys are recommended for seawater 
intrusion monitoring because the geometry of saline zones can be delineated. 
And for the main aquifers, the thickness of fresh-water zone and depth of the 
fresh-waterlsalt-water interface should be determined seasonally, in a east-
west direction, either by measuring water levels in the different areas or with 
the help of geoelectrical resistivity surveys. 
3. 	 The depth of this interface will help in the detennination of the locations and 
depths of new wells, as well as the maximum limits of deepening of the pre­
existed wells and trenches. This will decrease the possibility of salt-water 
encroachment into wells. 
4. 	 It is important to raise the awareness of the inhabitants of these coastal areas 
about the effects of mismanagement and overpumping of the groundwater 
resources. 
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Chapter 9, Summary and conclusion and recommendations 
5. 	 It is recommended to perform a complete analyses of the water for the drinking 
water standards and irrigation water standards before to the time a well or 
water point is put into service and periodically thereafter in order to follow 
salinity changes and the evolution of the chemical ratios which are considered 
as indicative of a salinization trend. 
6. 	 Better understanding of the coastal aquifer dynamics is required in order to 
know the risk of salinization and to select the most appropriate method 
monitoring and early warning methods, otherwise errors may be made. Thus, 
the first early warning method is to improve knowledge of the aquifer and to 
try to understand the groundwater flow in the coastal area, taking into account 
the heterogeneities that may control saline water penetration. Such locations 
must receive preference for monitoring. 
7. 	 Although expensive, some short-screened multi-tube boreholes are highly 
recommended for monitoring and early warning of salinity problems. Shallow 
aquifers in low-lying coastal areas are easy to monitor. 
8. 	 Salinity or (EC) monitoring by means of samplers or submersible salinity 
probes are recommended in unpumped wells, especially if they are provided 
with short screens. Results in long-screened wells may produce confusion; 
possible interfaces may not correspond to the actual aquifer salinity 
distribution. 
9. 	 It is recommended to set up pilot projects to gam experience and for 
demonstration for future action. 
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10. Planning of water resources development and use can help prevent the onset 
of saltwater intrusion. 
11. 	An accurate assessment of the groundwater resources as well as a good 
understanding of the origin and dynamics of saline water are pr-requisites to 
any water resources development plan, to the setting up of regulatory 
measures or to the working out of remedial action to seawater intrusion. 
12. The long-term solution to poor voltmtary compliance with the 	law by the 
water users and to slack law enforcement by the government and the courts 
should be sought through educating and informing the users of groundwater of 
the risks of indiscriminate pumping. An informed body of water users should 
seek the introduction of regulatory restraints in their own self-interest by 
educating and informing the government water administrators to review and 
use their regulatory authority as an instrument of service, not power. Training 
of government administrators in the systematic use and application of 
investigations as well as of monitoring data. Promoting the participation of 
concerned groundwater users in the making of governmental regulatory 
decisions. 
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APPENDIX B 

Chemical analyses data of the collected 
samples from the different study area 
Table 6.1 Results of chemical analyses of the southern profile in the summer season 
I';.,.;:s~hl..ili 	 .li.{~Jli<' 'sfi;;> I;~$i!'li:, l\,·'Hti ··PP;H·"'"ii ::i!~~iri"iii:lj i'~~~~~lll':. ~::::!:!:i';:~':if;!:"CI:';;t~fmNb( .. ~~~.,..'. I:';:,'f'; .. ::§~tu.~hi ........... 	 ~~~; 

S2 	 Na 23 1 1642 71.39 71. 391 9500 0.8275 22.74 8.1 Na/C~ 0.9517 
K 39.1 1 106 2.71 2.711 S04/C~ 0.456 
Mg 24.31 2 37 3.04 1.522 Ca/Mg 5.4752 
Ca 40.08 2 334 16.67 8.3333 (Ca+Mg) /c~ 0.2628 
CI 35.5 1 2663 75.01 75.014 (Na-Cl) /804 -0.106 
804 96 2 1642 34.21 17.104 
HC03 61 1 253 4.15 4.1475 
C03 0 0.00 
Farm'No. 	Element I·A.Wi:' Y,l;:' ~3(mwl) tS3(rrte~ilL " 'mmbtlli" lffifis~! [;'::-J;lj···j·IJ~AR.':illjii ·PlI< '····ii'i:lo~j~.{.)H.. &~~~L")'i 
S3 	 Na 23 1 1771 77.00 77 12000 0.7145 24.21 8.4 Na/C~ 0.875 
K 39.1 1 103 2.63 2.6343 S04/C~ 0.531 
Mg 24.31 2 39 3.21 1. 6043 Ca/Mg 5.3033 
Ca 40.08 2 341 17.02 8.508 (Ca+Mg) /C~ 0.2298 

Cl 35.5 1 3124 88.00 SS (Na-Cl.)/S04 -0.235 

S04 96 2 2243 46.73 23.365 

HC03 61 1 307 5.03 5.0328 

C03 0 0.00 0 

1 Southern profile - Summer 
Table 6.1 Continue 
6;;JJ;.~:i Ej~iji~~t I'~··.·~ ..·IP·! ,,,,;;,,'11\1S~{r':t<! ·:, ..• ·!.;.:;,;·· ..·..:,! ..·,s.··!.,··· ... ~;;.AIJI ..i ··::.:T,.P~",Ilme:tl);:!· .:of i.,/·.;.;-:;·y I.SAR" ",,;:rtf' ~J[~ .. \ •.' ··.:,···~~~i9·:.···! ~.:::.:;"·'···;··~:;H·:·:,!;:i· 
S5 Na 23 1 370 16.09 16.087 2750 0.6974 7.764 7.5 Na/Cl 1.1491 
K 39.1 1 52 1.33 1. 3299 S04/Cl 1.3155 
Mg 24.31 2 34 2.80 1.3986 Ca/Mg 2.0694 
Ca 40.08 2 116 5.79 2.8942 (Ca+Mg) /Cl 0.6133 
CI 35.5 1 497 14.00 14 (Na-Cl) /S04 0.1133 
804 96 2 884 18.42 9.2083 
HC03 61 1 297 4.87 4.8689 
C03 0 0.00 0 
- ~ 
Southern profile - Summer 2 
Table 6.2 Results of chemical analyses of the southern profile in the winter season 
82 	 Na 23 1 773 33.61 33.609 8120 1.1578 11. 7 7.9 Na/Cl 1. 018 
K 39.1 1 48 1.23 1.2276 s04/cl 0.2247 
Mg 24.31 2 30 2.47 1.2341 Ca/Mg 5.6812 
Ca 40.08 2 281 14.02 7.011 (Ca+Mg) ICl 0.4995 
CI 35.5 1 1172 33.01 33.014 {Na-Cl)/S04 0.0802 
S04 96 2 356 7.42 3.7083 
HC03 61 1 238 3.90 3.9016 
C03 0 0.00 
.·';':i,tt,}'~,/· 	 $l~ffl~~~ la, '"\~i'i.J~, l){'",: . "':;m~6MI':'" Ir' }} 1,,','pt1,"" ,',,',tJ..JL\L t" '\..",c'id'",,"'F/'
'U"',,' 
S3 	 Na 23 1 1674 72.78 72.783 10000 0.7807 23.82 8.2 Na/Cl. 0.9577 
K 39.1 1 101 2.58 2.5B31 S04/Cl. 0.5293 
Mg 24.31 2 31 2.55 1.2752 Ca/Mg 6.3197 
Ca 40.08 2 323 16.12 B.0589 {Ca+Mg)/Cl. 0.2456 
Cl 35.5 1 2698 76.00 76 (Na-Cl.) /S04 -O.OB 
S04 96 2 1931 40.23 20.115 
HC03 61 1 257 4.21 4.2131 
C03 0 0.00 0 
-- -_.-	
--- ­
1 Southern profile - Winter 
Table 6.2 Continue 
1. 7111. 7136 
2.6311.3163 
6.8913.4431 
2 Southern profile - Winter 
I 
Table 6.3 Results of chemical analyses of the northern profile in the summer season 
Farm No. Element A.W V. Nl(mg/l) Nl(meq/l) mmolell TDS CuionJAllion SAR PH Ionic Ratio Remarks 
Nt Na 23 1 1336 58.09 58.087 8500 0.9102 13.91 7.8 Na/Cl 0.7084 
K 39.1 1 90 2.30 2.3018 S04/Cl 0 ..2406 
Mg 24.3 2 64 5.27 2.6327 Ca/Mg 5.6199 
Ca 40.1 2 593 29.59 14.795 (Ca+Mg) /Cl 0.4251 
CI 35.5 1 2911 82.00 82 (Na-Cl) /S04 -1.212 
S04 96 2 947 19.73 9.8646 
HC03 61 1 178 2.92 2.918 
C03 0 0.00 0 
-­ .... _.-
-­ -
F~rmN().I~I;~elltl "it.W 'I ;v.I;'N,J(mgll): f·ii(~~ij1hr ~,;lhl~~Vfl ';:Trislcat1:nJAni~"TSARPH IbnilJ Ratio Remarks 
N2 INa 23 1 644 28.00 2814000 1.5824 15.912 17.15 Na/Cl 1 
K 39.1 1 62 1.59 1. 5857 S04/Cl 0.5818 
Mg 24.31 2 37 3.04 1.522 Ca/Mq 13.737 
Ca 40.08 2 838 41.82 20.908 (Ca+Mq) /Cl 1.6022 
Cl 35.5 1 994 28.00 28 (Na-el) /S04 o 
S04 96 2 782 16.29 8.1458 
HC03 61 1 168 2.75 2.7541 
C03 0 0.00 
Northern profile - Summer 
Table 6.3 Continue 
Farm No. 	 Element A.W V. N3(mgIJ) N3(mcqlJ) mmolll TDS ('..-JAniea SAR PH Ionic Ratio Rema.rks 
N3 	 Na 23 1 306 13.30 13.304 2800 0.7926 6.242 7.9 Na/Cl 0.9779 I 
K 39.1 1 21 0.54 0.5371 S04/Cl 0.8514 
Mg 24.31 2 34 2.80 1.3986 ca/Mg 2.2478 
Ca 40.08 2 126 6.29 3.1437 (Ca+Mq)/Cl 0.6677 
Cl 35.5 1 483 13.61 13.606 (Na-Cl)/S04 -0.026 
S04 96 2 556 11.58 5.7917 
RC03 61 1 228 3.74 3.7377 
C03 0 0.00 0 	
___~.___________
-.-
L--~_ ..
-
.._----_ .. _ ..._­
Farll1No. 	 Element A.W V. N4(mgll) N4(meq/J) mmol/I TDS CationJAuiQn SAR PH Ionic Ratio Remarks 
N4 	 Na 23 1 419 18.22 18.217 2550 0.8171 8.776 7.5 Na/c). 1.3789 
K 39.1 1 75 1. 92 1. 9182 S04/Cl 1. 4602 
Mg 24.31 2 35 2.88 1.4397 Ca/Mg 1. 9929 
Ca 40.08 2 115 5.74 2.8693 (Ca+Mg) ICl 0.6523 
Cl 35.5 1 469 13.21 13.211 (Na-Cl.)/S04 0.2595 
S04 96 2 926 19.29 9.6458 
RC03 61 1 164 2.69 2.6885 
C03 0 	 0.00 0 
-----	
-------_._- - -­
'farm NO; 	 Element .A.W V. N5(mgll) I.·... N5(w,eq{l) j.furnol/[· ..··TDS CatloJlJAnion SAR PIJ. '. Iooie .... Ratio Remllrks .. 
N5 	 Na 23 1 161 7.00 7 1600 0.9804 3.136 7.5 Na/Cl 0.875 
K 39.1 1 41 1. 05 1.0486 S04/Cl 0.9115 
Mg 24.31 2 35 2.88 1.4397 Ca/Mg 2.4608 
Ca 40.08 2 142 7.09 3.5429 (Ca+Mq}/Cl 1.2457 
CI 35.5 1 284 8.00 8 (Na-Cl)/S04 -0.137 I I 
S04 96 2 350 7.29 3.6458 
RC03 61 1 188 3.08 3.082 
C03 0 	 0.00 0 
2 	 Northern profile - Summer 
Table 6.4 Results of chemical analyses of the northern profile in the winter season 
Farm No. Element A.W V. Nl{mgll) Nl(meqll) mmole!I TDS C"'I;a"JAn"" SAR PH Iouic Ratio ltttUrks 
Nt Na 23 1 1224 53.22 53.217 7800 1. 0265 13.86 7.5 Na/Cl 0.858 

K 39.1 1 78 1.99 1. 9949 s04/cJ. 0.287 

Mg 24.3 2 62 5.10 2.5504 Ca/Mg 4.784 

Ca 40.1 2 489 24.40 12.201 (Ca+Mg) Ic}. 0.476 

CI 35.5 1 2201 62.00 62 (Na-n)/so4 -0.49 

S04 96 2 853 17.77 8.8854 

HC03 61 1 168 2.75 2.7541 

C03 0 0.00 0 
- -
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F~r/ll·~94~j(\fu¢ntl A;yyf V.JN2(mg/l) ~i(rfi~q/li .,It,i;U()t/I r TDS :lC~;io.jAlliOlll SAR PH Ionic I luno Remarks 

N2 Na 23 1 596 25.91 25.913 13600 -'1.476716.14617.1 Na/c}. 1. 08 I 

K 39.1 1 57 1. 46 1. 4578 S04/Cl 0.661 

Mg 24.3 2 33 2.71 1.3575 Ca/Mg 12.09 

Ca 40.1 2 658 32.83 16.417 (Ca+Mg) /Cl 1.481 

Cl 35.5 1 852 24.00 24 (Na-Cl) /S04 0.121 

804 96 2 761 15.85 7.9271 

HC03 61 1 168 2.75 2.7541 

C03 0 0.00 
Northern profile - Winter 1 
Table 6.4 Continue 
farm -r-{Q. 	 Element A.W V. N3(mg/l) N3(meqll) "'u~QIJl IDS (,,,,_.IAD"',, SAR PH lOllie llntie lk"",r~ .... 
N3 	 Na 23 1 290 12.61 12.609 2200 0.8204 6.096 7.5 Na/cl 1.051 
K 39.1 1 20 0.51 0.5115 S04/Cl 0.915 
Mg 24.3 2 30 2.47 1.2341 Ca/Mg 2.467 
Ca 40.1 2 122 6.09 3.0439 {Ca+Mg)/Cl 0.713 
CI 35.5 1 426 12.00 12 (Na-Cl)/S04 0.055 
S04 96 2 527 10.98 5.4896 
HC03 61 1 210 3.44 3.4426 
C03 0 0.00 0 
FllrInNo; 	Element :A.W V. N4(mgll) N4(meq/l) mmolll TDS DtwlIJAnioD SAR PH Ionic Ratio Remarks 
N4 	 Na 23 1 370 16.09 16.087 2400 0.8816 8.05 7.3 Na/Cl 1. 609 
K 39.1 1 73 1. 87 1. 867 S04/Cl 1.715 
Mg 24.3 2 34 2.80 1.3996 ca/Mg 1.855 
Ca 40.1 2 104 5.19 2.5948 {ca+Mg)/Cl 0.799 
CI 35.5 1 355 10.00 10 (Na-Cl)/s04 0.355 
804 96 2 823 17.15 8.5729 
HC03 61 1 139 2.28 2.2787 
C03 	 0 0.00 0 
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0Ji'lItOlNQ; 	 Elem~nt A.W V. N5(mgll) NS(meqll) mmollt TDS c.t...JAlIi .... BAR Plj:.~ 10al.:..;",;; .. ~... JlatA9 .iil!l.. 
N5 	 Na 23 1 144 6.26 6.2609 1500 0.9054 3.29 7.13 Na/Cl 1.043 
K 39.1 1 33 0.84 0.844 S04/Cl 1.045 
Mg 24.3 2 31 2.55 1.2752 Ca/Mg 1.839 
Ca 40.1 2 94 4.69 2.3453 (Ca+Mg) ICl 1.207 
CI 35.5 1 213 6.00 6 (Na-Cl)/S04 0.042 
S04 96 2 301 6.27 3.1354 
HC03 61 1 218 3.57 3.5738 
C03 0 0.00 0 
Northern profile - Winter 2 
